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THE STRAIN OF ROCK 
IN MOUNTAIN-BUILDING PROCESSES* 


L. U. de SITTER 


ABSTRACT. The physical properties of rocks, as revealed by laboratory experiments 
determining their strain in a known stress field, can explain the different types of fold- 
ing. The interval between the stress level and the elasticity limit appears to be the most 
important factor. This interval will increase either because of a fall in the resistance of 
the rocks or because of a rise in the stress. The two principal types of folding are con- 
centric folding, a typical elastico-viscous kind of strain in which this interval is small, 
and cleavage folding, in which it is greater. An analogy to these two types of folding 
can be found in the paratectonic and orthotectonic types of orogenesis. 

In all fields of structural geology one can—and ought to—regard the 
observed structural features as the product of one—or several subsequent— 
stress fields on rocks of different kinds. These two factors, stress and rock 
substance, determine completely what kind of deformation will take place. 
Hence our subject will be to trace the varying results of stress variations on 
variable rock substances, keeping in mind that the physical properties of rock 
may be themselves a function of the stress and that they are influenced more- 
over by temperature, fluid content, and other circumstances. 


PHYSICAL PROPERTIES OF ROCKS 

Unfortunately our knowledge of the physical properties of rocks, their 
strength, their elastic properties, their viscosity, is woefully inexact—only 
the barest outlines have been traced, and therefore the bases of our argument 
will be weak. Still | do think that the different sets of experiments by Griggs 
(1936 and 1940), Goguel (1943), and Phillips (1948), for instance, give us 
the fundamentals, in particular because they confirm one another (cf, de 
Sitter, 1952). 

The ordinary way to test the strength of a material is to put a specimen 
in an oriented stress field, in which we must distinguish the confining or 
hydrostatic pressure and the deforming stress. 

We can always describe the stress field in such experiments as consisting 
of three perpendicular compressive stresses (fig. 1), 0,2 o22 o 3. The con- 
fining stress is then 
T Oz 


2 


and the deforming stress is: o. + as 
In ordinary experiments the confining stress is applied by placing the 
specimen in a high-pressure fluid, so that o. = o;, and the deforming stress is 


A series of three lectures given at Imperial College, London, in February 1955. 
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586 L. U. de Sitter 
exerted by a screw or a load on one of the faces of the specimen. In that case 
P = 
and Ac = 
The deforming stress is then increased until the material yields. For each ex- 
periment, we get curves like figure 2, and with different levels of confining 


pressure we get curves as in figure 3. 


Fig. 1. Stress field on a unit cube. 

The sharp bends in the curves mean that at that level of deforming stress 
the elastic strain—the steep part of the curve—changed into a permanent 
strain. An increase of confining pressure raises this elasticity limit. 

In such experiments on rocks the confining pressure has to be fairly high 
in order to get a permanent strain above the elasticity limit, because below 
a certain limit of the confining stress the rock simply ruptures. 

The great merit of Griggs was that, performing such experiments on 
limestone, he once got curious and, instead of continuously increasing the 
deforming stress, started to insert pauses in a particular experiment long be- 
fore the elasticity limit could be expected. Most disconcertingly, he found that, 
although during the first pause nothing happened, during the second and sub- 


sequent pauses, all at stresses below the already defined elasticity limit. in- 
Apparently in the ordinary 


creasing permanent strain was observed (fig. 4). 
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ig. 2. Strain curve of rock under Fig. 3. Strain curve obtained with 
increasing confining stress. 
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experiments this very slow permanent strain was masked by elastic strain due 
to the growing stress, From the amount of permanent strain produced during 
each of these pauses, the rate of strain for different stresses can be inferred, 
and we get the curve in figure 5 which indicates a differential viscosity, start- 
ing apparently from a threshold value. Such a viscosity is not constant but is 
a function of the stress. 

An interesting question raised by the rate-of-strain curve is whether the 
curve really starts at some level above the zero point or in the zero point 
itself. In the first case the material would have a real strength; in the second 
case, only an apparent strength. If we would have the patience to wait long 
enough, would we still observe a slight permanent yield a little above the zero 
point or not? Goguel and myself believe there is a real strength because the 
load on steep mountain slopes does not cause sagging, nor does it on the con- 
tinental slope, but the Grenoble school (Gignoux, 1948, for instance) tends 
to believe that any rock can flow under any stress, if it is given enough time. 

Still more important than the differential viscosity of rocks is the proof 
in many experiments that, on unloading, a small portion of the total strain 
is recovered, and therefore was still elastic, notwithstanding the much larger 
permanent strain that is not recovered. In other words, despite the consider- 
able permanent deformation that the rock undergoes, it remains all the time 
under the influence of an internal elastic stress field, which, as we will see 
later on, directs and orients its deformation. 


100, hr—__ 
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Fig. 4. Griggs’ strain curve obtained with pauses in the growth of the deforming 
stress, 


This coexistence of plastic and elastic strain can be understood physi- 
cally when we imagine what happens inside the rock. Either inside the crystal 
grid of the grains or in the matter between the grains, we first get an elastic 
strain, which is gradually relieved by small successive translations of atoms 
or groups of atoms, each jump increasing the strain around it and thus causing 
the next one. And each time the elastic strain is thus replaced by a permanent 
one the stress can cause a new elastic strain, thus causing a slow flow of the 
material. This elastico-viscous flow, as this property is called, is different from 
what Griggs called elastico-viscous flow, which is a “creep recovery,” a re- 
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tardation of elastic recovery, generally known as hysteresis. Retardation and 
hysteresis are imperfections of otherwise complete elastic strain. Most prob- 
ably the property of differential viscosity is closely related to this property of 
elastico-viscous flow. This relation can be understood in the following way. 
When the stress exceeds the strength only a little, translations can only take 
place on one set of the most favorably oriented shear planes (determined by 
the elastic strain), but when the stress increases more and more, other planes 


in other orientations become possible translation faces thus increasing the 
acceleration of the rate of strain. 


10.000 at. 
confining pressure 


35,3 strengthat 1 at.conf. press. 


rate of strain 
>in per hr 


stress (Ibs/in* x 104) 


0,5 1,5 


Fig. 5. Rate-of-strain curve derived from the curve of figure 4. 


With a relatively large interval between stress and strength, totally new 
means of deformation might come into play until finally all elastical strain 
disappears and the material behaves as a fluid, i.e. the curve of figure 5 has 
then flattened out to a horizontal line representing the final viscosity of the 
material. 

When we consider the deformation of rocks as shown in a strain/time 
diagram, we can distinguish mainly two kinds of curves, elastic and plastic; 
with a low stress, after a small initial (elastic) strain and no further change. 
the curve straightens out to an horizontal line; with a higher stress, we find 
also an initial (elastic) strain and afterwards the curve straightens out to a 
sloping straight line, the slope indicating the strain velocity. When a still 
higher stress is used, most tested materials show again a steepening after a 
period of plastic strain, leading invariably to rupture. 

Hence we can distinguish in a strain/time diagram four fields of de- 
formation (fig. 6): with low stress an elastic field, with higher stress an 
elastico-viscous field, and above that a plastic field, and a field of rupture. 
Most probably all the visible deformation of rock lies in the field of permanent 
deformation, but as we have seen before, this field certainly includes elastico- 
viscous deformation in its lower reaches. We will see later that there is some 
reason to suppose that this plastic field ought to be subdivided in a lower 
elastico-viscous, a central semi-plastic, and an upper flow field. 

Because different rock types have different strengths, a layered sequence 
of rocks, such as we find in nature, in a stress field will contain rocks that 
are still in the elastic field, others that have just passed into the elastico- 
viscous field, and others that are already in the semi-plastic or in the flow 
field. 

Hence we might expect that with a little higher stress the most competent 
or rigid rock yields slowly under the influence of the slowest elastico-viscous 
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elastic field 


Time 
Fig. 6. Fields of different types of deformation in a strain/time diagram. 


reaction, more incompetent or plastic rock in a less elastico-viscous field, and 
other rocks wholly in the flow field. In other words we might expect to get 
a different kind of reaction by different kinds of rocks to the same stress. 

The influence of the increasing confining pressure with depth on the 
behavior of rocks in an oriented stress field is of course most important for 
our problem. Unfortunately we have little experimental evidence to guide us. 

In general, when the elasticity limit is raised the rate of strain should 
be lowered, and we may be certain that the change is different for different 
kinds of rocks. But before entering on this question there is another fact that 
interests us. Already the earliest experiments of Adams proved that we must 
distinguish between intergranular slip—slip of one grain over the other— 
and intracrystalline slip—slip inside the crystal lattice of the grains. Inter- 
granular slip produces rounding off of grains, crushing zones between the 
grains, what the petrologist calls cataclastic texture; intracrystalline slip pro- 
duces twinning in calcite crystals, undulatory flow zones in quartz, and 
similar phenomena which in other minerals often will not show up even under 
the microscope. The experience of the petrologist that intergranular slip be- 
longs to a higher level of the crust than intracrystalline slip is confirmed by 
the experiments. There is still another mode of deformation, the process of 
solution and recrystallization, to which we will refer later on. 

Consequently, first of all the mode of deformation changes for a certain 
kind of rock at a certain depth of burial from intergranular slip to intra- 
crystalline slip; secondly, the depth limits of this passage of one kind of slip 
to another will be different for different kinds of rock. 

Goguel (1943) has proved that the increase of the elasticity limit with 
increasing confining pressure is much greater in psammites than in pelites. 
Therefore a sandstone becomes increasingly more competent than a shale with 
increasing depth and soon exceeds even a limestone in competency. Thus the 
sequence of competency of different rocks is different near the surface and at 
deep levels. 


| 
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We might expect, for instance, the following sequences: 


Shallow Deep 


competent impure limestone sandstone 
pure limestone impure limestone 
sandstone marl 
marl pure limestone 
clay-marl clay-shale 
incompetent salt salt 


But at a certain depth all competent rocks will have changed over to intra- 
crystalline slip, and it seems probable that at that stage the difference in 
competency has the tendency to disappear, in particular, under the influence 
of other factors which will be considered next. 


To 
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Fig. 7. Influence of solvents on the strain velocity of alabaster, after Griggs (1940). 


The influence of solvents has been studied by Griggs (1940). He proved 
that a wetted specimen of limestone or alabaster already reached a consider- 
able strain velocity at the same stress that caused only an elastic strain in a 
dry specimen. The admixture of HCl increased the strain velocity further 
(fig. 7). As all sedimentary rocks contain water, either salt or fresh, it de- 
pends largely on the solubility of the rock whether it will be subject to this 
influence or not. Again limestone and evaporites are greatly favored by the 
presence of water. Probably the presence of magmatic fluids or gases pene- 
trating from below exercises the same kind of weakening influence on quart- 
zose and silicate rocks. 

The influence of temperature has been studied by Griggs and his as- 
sociates (1951, 1953) who found that marble became more easily deformed 
at 150° and 300°C. than at room temperature, but the mode of deformation 
hardly changed. Doubtless a rise of temperature can only weaken the rocks, 
but at what level it becomes effective and how, in other rocks than limestone, 
is pure hypothesis. In metamorphic rocks we can understand that the recrystal- 
lization of certain minerals greatly reduces their resistance to stress, perhaps 
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mostly through the medium of increased solubility in the presence of a cir- 
culating magmatic hydrothermal or vapor phase. 

As a matter of fact if only one of the usual rock minerals is affected 
that is enough to weaken the rock considerably. Clay minerals and quartz 
seem to be the most susceptible minerals to this influence. 

Summarizing our experiences from the laboratory: in a heterogeneous 
rock complex we might expect that with uniform stress the rock reaction to 
deformation will show different forms, different mechanisms in yield to stress 
due to the varying interval between their elasticity limit, or resistance and 
that stress. 

This variation in reaction will be most pronounced in the upper reaches 
of the crust. because the equalizing influences of increasing temperature and 
confining pressure and fluid or vapor intrusion are less pronounced. 

Further down the increase of confining pressure and temperature will 
tend to diminish the differences, and we might expect at some undefined depth 
a rather uniform reaction of the more plastic kind. When the rock behavior 
is still differentiated, the most competent members of the series will regulate 
to a large degree the kind of deformation followed by the whole complex. 


FOLDING OF ROCK 

When we attempt to apply the knowledge we have gained on rock de- 
formation in the laboratory to rocks as we see them exposed in nature, we 
are immediately confronted with the difficulty that we do not know what the 
outward expression of a particular field of deformation as defined in the 
foregoing paragraph looks like. Moreover, information about the depth of 
burial, temperature, and fluid or vapor content at the time of folding is 
mostly lacking or at best very inexact. Nevertheless we might surmise that 
a few general principles are valid consistently. 


tension 


aA 
3 


Fig. 8. Elastic shearing stress in a curved sheet. 


Concentric folds.—The best-known deformation is the simple concentric 
fold. An originally horizontal sheet of competent rock embedded in a more 
incompetent medium has been folded. We start from the axiom that the de- 
formative stress—acting in the horizontal plane—grows very slowly and that 
nothing but a small elastic deformation will happen to any rock unless the 
elasticity limit of the most competent member has been exceeded. At that 
moment the more incompetent rocks can already deform much more easily 
and quickly and are able to follow the form prescribed by the competent 
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member; ordinarily they won't hinder its development. The competent sheet 
of rock is already bent purely elastically to a certain degree. When this elastic 
arch has reached a certain stage, the elasticity limit is exceeded and its ma- 
terial starts to give way. The tensional stress in the convex curve and the 
compressional stress in the concave curve of the bent sheet will set up a couple 
acting parallel to the upper and lower surface as sketched in figure 8. The 
compression in the inner are pushes the lower half of the sheet away from the 
anticlinal axis, and the tension in the outer are pulls the upper half of the 
sheet towards the axis. In other words. the compression of the inner arc of 
the anticline and that of the nexi syncline cause a shift of the upper part of 
the sheet over the lower half along a shear plane in the center. Obviously 
the axial zones remain free from this kind of shear plane. Thus this couple 
causes first a shear plane in the center, then one above and one below, finally 
dividing the flanks of the competent fold into elastically bent strips. This 
process was illustrated with an experiment by Kuenen and de Sitter (1938), 
using an unstratified clay cake (fig. 9). Thus the highly elastico-viscous 
nature of the competent member causes folds of a purely elastic shape, where 
all the shearing is on concentric planes. 

We will find also tension cracks in the apex of the fold filled with re- 
crystallized material from the sheet itself, probably derived from the com- 
pressed inner curve (fig. 10). Both processes, concentric shear and tension 
cracks, can happen in the same fold, as both are the result of the same elastic 
stress field. 

Well developed bedding will, of course, stimulate the concentric folding 


because the concentric bedding planes are predisposed shear planes, but even 
a thick unstratified horizon can follow the same law. Although I do not want 
to enter into the very controversial subject of joints, | want to point out that 
one kind of joint at least is typical for the concentric folding of competent 
rocks. | would like to call them rotation joints; they are parallel to the fold 
axis and perpendicular to the bedding and are due to the same elastic stress 
field as the concentric folding itself (fig. 10). 


Fig. 9. Shears parallel to upper and lower surface of a bent clay cake, after Kuenen 
and de Sitter (1938). 
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The most important consequence of the elastic habit of concentric fold- 
ing is its geometrical limitations. Downwards we arrive unavoidably at a 
horizon which cannot follow the concentric law and has to adapt itself to a 
limited space. From the uplift, Y, and the horizontal shortening a — b = 
(A’ F A” — A’ H A”) (fig. 11) we can derive the thickness d of the beds 
involved in that particular fold by the formula 


Y 
d=- 
because the area of the parallelepipeds A C C’ A’ and A” D D’ C” together 
equal the area of the uplift Y. This formula gives us the depth of the basal 
shearing plane or the plane of detachment or decollement. This depth can be 


tension cracks, 


oblique shear joints 
in vertical beds 


Fig. 10. Joints and fissures in an elastically bent sheet. 


checked by measuring a — b and Y on several horizons in the same fold and 
by comparing adjacent folds. In the Jura we get only about 6 percent varia- 
tion of d, the detachment plane being the erosion surface of the Hercynian 
basement. The fold width is also determined by the thickness of the beds 
involved. 

In the incipient stage of the folding the elastic fold chooses a particular 
incompetent bed as its base and therefore its plane of detachment; when there 
is only one suitable bed available, all folds choose the same bed, e.g. the 
Triassic in southern Europe and North Africa. 

In a concentric fold we always find two flanks moving horizontally in- 
wards and a central wedge moving vertically upwards (fig. 12), because every 
grain anywhere in the fold starts its course by an upward movement and in a 
later stage changes to a horizontal movement (cf. de Sitter, 1936). On the 
flank the upward movement is short-lived and the horizontal movement of 
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Fig. 11. Concentric folding. 


long duration; in the center the movement is almost exclusively vertical. At 
the start the space occupied by the incompetent or plastic layer at the base 
widens, and therefore the fold extends itself to both sides, but at a certain 
stage of development the whole thickness of beds is involved, and in the final 
stage the size of the fold becomes fixed. In the later stages the center is nar- 
rowed, and the plastic layer underneath lacks space. From that moment on, 


the plastic layer exerts an upward pressure. and diapyrism or overthrusting 
or just widening by making a box fold sets in. The thrust fault is typical of 
an extremely plastic layer, and the box fold where a less plastic layer is 
the base. 

Cleavage folds—The cleavage fold is as important as the concentric 
fold. Its mechanism is different from that of the concentric fold in that its 
cleavage planes are planar and remain planar during the folding process 
instead of being bent with the folding. It is similar to concentric folding be- 


Fig. 12. The movement in space of different parts of a concentric fold leading to 
diapyrism, 
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cause most of the iriternal movement takes place along shearing faces which 
in this case are called cleavage planes. 

This mechanism can be described as a splitting up of the rock into thin 
slices by the cleavage planes and by unequal flattening of these slices, which 
I should like to call “microlithons” (fig. 13). Where the flattening is greatest 
we find anticlines, where it is least, synclines. 

The flattening of the microlithons can be achieved in various ways. Some- 
times we cannot see anything distinct under the microscope, and apparently 
each grain has moved somewhat in relation to the next. But occasionally we 
perceive either a crumpling (fig. 14a) or a general tilting (fig. 14b). 


Fig. 13. Differential thinning of microlithons in a cleavage fold. 


In principle, cleavage folding represents simply elongation in the direc- 
tion perpendicular to the stress and shortening parallel to the stress. This 
could be achieved as well without shear planes, and then the thickening would 
he expected to be equal all along the sheet. The restriction to certain zones 
(anticlines) is presumably an elastic feature, and the elastic strain causes 
couples, perpendicular to the upper surface of the sheet (fig. 15). Such 
cleavage planes have never been reproduced faithfully in any imitative ex- 
periment, although some of H. Cloos’ experiments seem to contain something 
like it. 

All isoclinal folds and some of the pointed and pinched folds are formed 
in this way. The frequency of the cleavage faces is dependent on the nature 
of the rock, sandstone mostly showing a greater distance between cleavage 
planes than slate. Eventually schistosity develops from cleavage when there 
is recrystallization on the cleavage planes. 

Figure 16 shows a combination of cleavage folding and concentric fold- 
ing in a very slightly metamorphic schist from the Ordovician of the Central 
Pyrenees (see also de Sitter, 1954). Since there is cleavage in the incompetent 
bed and concentric folding in the competent bed, the two mechanisms are 
not mutually exclusive and have the same origin. 

Figure 17, a sample from the Rio Barrados, Central Pyrenees, shows a 
similar mixture of concentric with cleavage folding, but the concentric sand- 
stone fold is much less purely concentric, for this rock is much more meta- 
morphic, the sericite having been transformed into biotite, for instance. Peg- 
matites are frequent in this rock and are folded together with the host rock. 

A still further stage of metamorphic rock deformation is shown in the 
recrystallized limestone of figure 18, containing garnet porphyroblasts. Cleav- 
age planes have disappeared, but the deformation has produced the same 
kind of similar folds and the shadow zones at the two sides of each garnet 
crystal show that all the movement is still parallel to the axial plane. 


L. U. de Sitter 


is 


Fig. 14. Various ways of elongation of microlithons. 


The evidence of these samples proves that concentric folding and cleavage 
folding do not exclude one another, and that a rise of temperature favors 
cleavage or similar folding. A more important conclusion is that. where the 
most competent rock (sandstone) is still folding concentrically, the incom- 
petent rock (slate) is already folding along cleavage planes. And applying 
our previously gained insight into rock deformation we can say that a mini- 
mum interval between stress and elasticity limit causes concentric folding 
and a slightly greater interval originates cleavage. 

A still greater interval probably causes more or less unorientated folds 
of the type we see in salt structures and in severely compressed and recrystal- 
lized limestones, which we should like to call flow. 


Fig. 15. Elastically thickened sheet, with elastic shearing stress. 


The evidence can be combined in a sequence of plasticity thus: 
from from 1. concentric fold. 
elastic competent 2. concentric folds with cleavage in incom- 
petent parts. 
3. similar folds due to cleavage. 
4. similar folds without cleavage, but with 
to to recrystallization. 
plastic incompetent 5. flow. 
which represents a sequence under the influence of increasing confining pres- 
sure and temperature (plus other migmatizing agents). If no temperature 
rise is involved, the sequence would read thus: 
from from 1. concentric fold, 


re « 2. concentric fold with fracture cleavage. 


plastic incompetent 3. similar fold with slaty cleavage. 
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The terms cleavage (or flow-cleavage), schistosity, and fracture cleavage 
are somewhat controversial. Schistosity is applied where the recrystallization 
of mica flakes gives the rock a particular schistose aspect, but this regrowth 
can occur either on original cleavage planes or on bedding planes. Fracture 
cleavage is in general a coarser form of cleavage than slaty cleavage; the 
term is applied in particular where a later deformation causes a new cleavage, 
cutting across an earlier slaty cleavage, or when the competent beds in a slate- 
sandstone alteration show a coarser cleavage, commonly with another orienta- 


Fig. 16. Example of cleavage in slate, concentric folding in sandstone, Ordovician 
of Rio Lladorre, Pyrenees. 
tion than that in the slates. Apparently this latter form of fracture cleavage 
(fig. 19} forms late in the folding; the sandstone was first folded concentri- 
cally, and the cleavage, parallel to the axial plane, was restricted to the shales; 
later concentric folding became impossible when the folds became closed, 
and the compression proceeded by another mechanism, this time with oblique 
shearing in the competent sandstone beds. 

Flow-cleavage or slaty cleavage is the ordinary form of cleavage, and 
the prefix “flow” indicates a closer cleavage and therefore less visible to the 
naked eye, a somewhat higher form of plasticity. 

The contact zone or face between cleaved slate beds and concentrically 
folded sandstone beds shows some interesting details. Where a transition zone 


“sand 


598 L. U. de Sitter 

between sandstone and shale is absent, we find smooth boundary planes be- 
tween the sandstone and the shale with a very narrow zone of slickensiding 
on the boundary (fig. 20a); but where there is a transition zone between 
sandstone and shale, we find some of the cleavage planes penetrating into the 
sand, with all kinds of adjustments round their extremities (fig. 20b). 

The outer appearance of cleavage folds differs also in many respects from 
that of concentric folds. The faults accompanying cleavage folds are either 
exaggerated cleavage planes, parallel to the axial planes and very difficult to 
detect in the field, or oblique shears. These latter shears may either be parallel 
to the b (folding) axis—they then have the character of thrust faults—-or 
parallel to the ¢ axis—they then appear as diagonal tear faults. The oblique 
shears of both kinds are much less numerous than the fault systems of con- 
centric folds. The folds themselves are generally smaller than concentric folds, 
microstructures are much more numerous, and the folds are independent of 
the thickness of the series involved. On the other hand, they are more strictly 
parallel and the axial plunges can be much greater. It is often more useful to 
measure the cleavage planes and the lineation due to the intersection of cleav- 
age and bedding, which gives the axial plunges, than to measure the bedding. 
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Fig. 17. Cleavage and concentric folding combined in mica schist of Rio Barrados, 
Pyrenees. 

Let us summarize the result of our investigation. Experimental evidence 
taught us that: 

(1) Elastico-viscous deformation, that is, permanent deformation with- 
out loss of elastic properties, is characteristic of brittle solids under high 
confining pressure. 
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(2) This implies a differential viscosity with a greatly accelerated rate of 
strain with increasing stress, A small rise of stress has therefore a great effect. 

(3) Increase of confining pressure first causes a general rise of the 
elasticity limit and a change in the relative competency of different rock 
types. and then tends to equalize the rates of strain. 

(4) Both rise in temperature and solvents tend to lower the resistance. 

(5) The most elastic form of elastico-viscous flow is found in the rela- 
lively most competent rock and causes concentric folding. 

(6) A less elastic form of elastico-viscous flow produces fracture and 
slaty cleavage. 

(7) Plastic flow (with very little or no influence of elastic properties) 
is reached when the cleavage planes disappear again under influence of re- 
crystallization and the folding becomes multidirectional. 

(8) When the interval between stress and elasticity limit is small, we 
vet concentric folding; when it is large, cleavage folding will develop. 

(9) The co-existence in one fold of several kinds of deformation proc- 
esses is certainly possible and has been demonstrated. 


ORTHOTECTONIC AND PARATECTONIC FOLDING 

The distinction which we made in the beginning between elastico-viscous 
reaction and plastic reaction of rocks, and which we could recognize in simple 
folds as the difference between concentric folds and cleavage folds, could per- 
haps be made also between paratectonics and orthotectonics,' seen from a 
global point of view. 

By paratectonics | understand the simple folding we encounter in 
Mesozoic or Tertiary basins, well known to oil geologists, exemplified also 
by the Jura Mountains, the Valley and Ridge province of the Appalachians, 
the Rocky Mountain basins, and many other provinces where folding ranges 
from mild to strong. The style is invariably of the concentric type; in the 
severely compressed areas flat low-angle overthrusts also occur. In contrast 
with this well known type is the intense folding encountered in the Central 
Alps. in the Paleozoic Pyrenees, in the Blue Ridge and Piedmont provinces 
of the Appalachians, in Scotland, and in other major Paleozoic mountain 
chains. The style is predominantly cleavage folding, with isoclinal and re- 
cumbent folds of the Pennine or Dalradian type, and last but not least, it is 
characterized by migmatization, granitization, and granite batholiths. To some 
extent the Mesozoic-Tertiary folding is characterized by paratectonics and 
the Hereynian and certainly the Caledonian folded belts or orogenes by ortho- 
tectonics. The Precambrian orogenes are perhaps of a still more plastic 
character. There are many exceptions, however; the late Hercynian Valley 
and Ridge folding is certainly paratectonic, and the late Jurassic Nevadan 
orogeny in the Western Cordilleras of the United States is no less completely 
orthotectonic than the Pennine zone of the Alps of Tertiary age. The east- 
west folds in the Lower-Paleozoic of the Anti-Atlas are purely paratectonic, 


‘ Stille’s distinction between para- and orthotectonics is somewhat different from mine, 
but I am very reluctant to introduce new terms and prefer for the moment to give a 
somewhat different interpretation to Stille’s terminology. 
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Fig. 18. Stretching parallel to axial planes of folds in metamorphic limestone, as 
shown by shadow zones around garnet crystals. 


but the north-south folds in the same formations of the High Atlas are com 
pletely orthotectonic. Apparently it is not age that makes the difference. 

According to Fourmarier (1953a, 1953b), cleavage occurs only under 
a load of some 4000 to 6000 meters of overlying sediments; in other words, 
this author supposes that an increase of the confining pressure is the only 
factor that determines whether concentric or cleavage folding will result. As 
a consequence only deeply eroded mountain chains would show cleavage fold- 
ing, and the difference in style between Tertiary and Paleozoic folding would 
be due wholly to difference of depth of erosion. The evidence of the central 
Pyrenees and the Wales geosyncline. for instance, are not in accordance with 
this principle. The Devonian of the axial zone of the Pyrenees shows ex- 
clusively cleavage folding and never had a cover of more than 1000 meters, 
probably half that amount. 

Which feature is, next to the style of folding, most distinctive in the two 
compressional folding types? No doubt the magmatic phases. 

The Valley and Ridge province has no magmatic phase, neither has any 
other younger paratectonic basin folding. The Pennine nappes certainly have 
late tectonic Alpine granites in their root zone and | suspect syntectonic 
granites of Tertiary age in their gneissic cores, and so have all the Hereynian 
and Caledonian orogenes of the orthotectonic type. I do not think there can 
be much doubt that the presence of magmatic phases decides to a large degree 
the orthotectonic character of large mountain chains. 


We can distinguish four magmatic phases: 
(1) The initial basic phase, with peridotites and ophiolites to diorites 
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Fig. 19. Fracture cleavage in competent bed, slaty cleavage in incompetent bed. 


as intrusive rocks and spilites as extrusive rocks. The initial phase belongs to 
the geosynclinal phase of an orogene even anterior to the late geosynclinal 
Flysch facies. 

(2) The syntectonic granitic phase, causing migmatization and granitiza- 
tion, mostly leucocratic granites, and a very pronounced pegmatitic phase. 

(3) Late tectonic batholithic granodioritic phase which has penetrated 
into the folded mountain chains in their last stage of compression in the same 
way that a salt diapyr penetrates in a late stage of paratectonic folding. 

(4) A post-tectonic voleanic phase, of a calc-alkaline character, prob- 
ably directly connected with deep-seated batholiths. 

The relation between these four magmatic phases is very uneven. The 
initial phase is apparently the most independent. It occurs even outside the 
proper orogene as in Syria and Cyprus. Many old basins show spilites without 
ever proceeding to a later syntectonic or late tectonic phase. The same se- 
quence of basic intrusive rocks is sometimes bound to major fault lines, as 
in the Pyrenees. 

The syntectonic and late tectonic granites are much more closely con- 
nected, as demonstrated for instance both by Read’s work in Donegal and 
our work in the Pyrenees (Leidsche Geol. Meded., 1954, v. 18). Of these two, 
the syntectonic migmatizing phase is perhaps the most important from a 
structural point of view. 

The post-tectonic volcanic phase has the peculiarity that it sometimes 
occurs long after the batholithic phase, separated from it by a long period of 
denudation, as the Permian volcanics are separated from the Carboniferous 
granites in Alpine orogenes. Sometimes the two phases are almost simultane- 
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Fig. 20. Different modes of transition from cleavage to concentric folding. 
ous, or particularly alkaline granites accompany the voleanic phase as in the 
Anti-Atlas. 

In comparing magmatic phases of different orogenes we are struck by 
another pecularity. The older the orogene the intenser the magmatic phases. 


The Alpine orogenes are often singularly devoid of any magmatic phase. In 


the Alps for instance—the most thoroughly compressed Alpine orogene we 
know—the initial phase is present, the syntectonic phase is still doubtful. 
the late tectonic phase is scarce. and the post-tectonic volcanism is almost 
absent. The High Atlas does not show a single magmatic phase. In the Alpine 
Pyrenees none is present, except a doubtful initial one bound to an old fault 
line, rejuvenated in the Upper Cretaceous. But neither the Alpine Pyrenees 
nor the High-Atlas show cleavage folding. 

The Precambrian orogenes on the contrary are simply crowded with 
magmatic phases; even the initial basic phase contains granites in Sweden. 
migmatization and granitization is extremely severe, and late tectonic granites 
abound. Even the post-tectonic voleanics are frequently connected with al- 
kaline granites. 

The magmatic phases vary in intensity not only in time but also in space. 
The whole Circumpacific zone is much more volcanic. in all its phases than 
any Mediterranean orogene. Volcanic island arcs and immensely thick volcanic 
deposits accompany already the geosynclinal stage, and the post-tectonic phase 
has created enormous volcanic plateaux like the Columbia Plateau, It is cer- 
tainly significant that both in its Paleozoic and its Mesozoic-Tertiary history. 
the Cordillera of North America shows this abundant volcanism far more on 
the Pacific margin than in the Rockies in the interior. 

In view of this great variety of intensity of magmatic phases, it does 
not astonish us that a prototype of an orogeny does not exist; instead each 
mountain chain has its own particular character, which has been formed by 
a great variety of factors. some pertaining to its epeirogenic geosynclinal 
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phase, others to the later folding stress conditions, others again to the mag- 


matic phases. Therefore evidence of one mountain chain can be used only with 
the greatest circumspection as an argument in the history of another mountain 
chain. 

This is equally true for our own argument equating cleavage folding 
with orogenes with a strong syntectonic magmatic phase. The Welsh geosyn- 
cline is, as far as | know, at least partly characterized by cleavage folding, 
but it has no magmatic phase although it is of Caledonian age. It is true of 
course that the real Caledonian orogene is farther to the northwest, the Welsh 
geosyncline being a branch of the main orogene, but that does not explain 
the cleavage folding in the only slightly compressed Welsh basin. The same 
discrepancy exists in the Devonian of Devonshire and in the Carboniferous 
basin of Westphalia, Belgium, and in the north of France. This might be 
regarded as a marginal trough, without magmatic phases, of the Armorican 
mountain chain, but it is full of accordion and chevron folding which form 
the transition stages between concentric and cleavage folding. 

We noted above (conclusion no. 8) that the size of the interval between 
stress and elasticity limit is the factor determining which type of folding will 
develop. Apparently the weakening of the resistance of rocks by a migmatizing 
agent, which could explain the cleavage folding in fully developed orogenes, 
is not the only factor. Growth of the stress above the elastico-viscous field of 
deformation could produce the same result as far as the folding is concerned, 
so that the more plastic cleavage folding can be attained either by weakening 
of the resistance by magmatic influence or by more rapid growth of the de- 
forming stress. In order to understand why in one case the stress did not rise 
much above the resistance limit of the rocks and in other cases it reached the 
plastic field, we would have to know something about the origin of the stress. 
| suppose that many will agree with me that on that subject our knowledge 
is very scanty indeed. Nevertheless, some general aspects of the orogenic 
stress field are known: 

(1) It is closely connected with epeirogenic stress because basins be- 
come geosynclines and geosynclines become orogenes. 

(2) In broad outlines we can distinguish at least in the more recent 
orogenic periods two main zones of compressions: (a) a double pole to pole 
zone. the Circumpacific zone; (b) a single equatorial zone, the Mediterranean 
zone. 

As a result of the special arrangement of these zones, the total compression on 
any great circle during those periods is roughly equal. 

The conclusion one can draw from these two simple facts is that ap- 
parently the whole crust is either constantly or intermittently under a com- 
pressive stress condition. It also means that the stress field can not disappear 
unless it has been satisfied by a global compression, or in other words, that 
vielding in one place sets off a reaction in adjacent regions which is not 
stopped unless it has eventually encircled the whole globe. 

With this concept of the orogenic stress field in mind, one can under- 
stand how the local stress fields can vary considerably in intensity, depending 
on their localization in relation to nearby zones of compression. If an area 
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is situated in the shadow of a mountain chain, as in a paratectonic marginal 
trough, the stress will drop; if it receives the full impact because its neighbors 
have yielded already, the local stress will rise quickly. Thus it becomes clear 
that the local stress field in one mountain chain belonging to an orogenic 
belt can differ widely from the local stress in another mountain chain of the 
same belt and that one zone stays in the paratectonic field and another has 
some orthotectonic peculiarities. 


In conclusion, then, two factors influence the character of an orogene; 
one is the interference of magmatic phases, in particular the syntectonic phase, 
which causes a drop in the resistance of the rock, and the other is variation 
in the acceleration of the local stress.When we recall that rocks have a dif- 
ferential viscosity, we can understand that only a slight increase of the interval 
between stress and elasticity limit has a major effect. 

We have tried to trace the effect of the variable relation between stress 
and resistance of rock from the laboratory to the field, first to simple folds 
and then to orogenes. Obviously our review is far from complete, and many 
points remain obscure. Nevertheless when we as geologists want to take part 
in the fascinating discussions about the geophysical conditions leading to 
disturbances in the equilibrium of the Earth, we have to contribute facts and 
conclusions from our own particular field of science, the upper crust and its 
deformation. 
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THE SEBECOSUCHIA: 
COSMOPOLITAN CROCODILIANS ? 


WANN LANGSTON, Jr. 


ABSTRACT. It has hitherto been supposed that the extinct Sebecosuchia, or “dinosaur- 
toothed” crocodiles, were contined to South America. Discovery of compressed recurved 
crocodilian teeth with serrated secant edges fore and aft in North America (Eocene), 
Europe (Eocene), Africa (Miocene), and Asia (Jurassic) raises the question: Were the 
Sebecosuchia cosmopolitan crocodilians? What evidence there is, both direct and circum- 
stantial, seems to support the affirmative, Definite evidence favoring the alternative sup- 
position, that carnosaur-like teeth evolved in other crocodilian suborders independently, 
cannot be adduced from published accounts of known fossil material. 

Careful «umparison of sebecid teeth with those of carnivorous dinosaurs reveal useful 
criteria for distinguishing between them, 


INTRODUCTION 

The Sebecosuchia are a suborder of extinct crocodiles hitherto recognized 
only in Cretaceous and Tertiary deposits of South America. They are char- 
acterized by a deep and narrow snout, laterally placed orbits, and an arrange- 
ment of the choanae structurally intermediate between mesosuchian and 
eusuchian conditions. The only known vertebra is amphicoelous. Most peculiar 
is the dentition: in presently recorded sebecosuchians the teeth have elongate 
laterally compressed crowns with serrated secant edges fore and aft. These 
teeth are so unlike other crocodilians’ generally that their true affinities have 
sometimes gone unsuspected. On the other hand so similar are they to teeth 
of some carnivorous dinosaurs that they have occasionally been mistaken for 
these. In fact such teeth seemed for years to support the contention of 
Flerentino Ameghino that dinosaurs persisted into the Tertiary period in 
South America.' 

In South America the group was first recognized as crocodilian on the 
basis of a fragmentary skeleton, the type of Sebecus icaeorhinus Simpson 
(1937), from the Eocene Casamayor formation of Argentina. A second 
sebecosuchian, Baurusuchus pachecoi Price (1945) represents another family. 
It is from the Upper Cretaceous Bauru formation of Brazil. Sebecus is now 
known to have lived in Colombia as recently as the late Miocene (Savage, 
1951).* Other records of the genus are cited from the Eocene of Brazil (de 
Paula Couto, 1948) and what, to judge from the illustration, may have been a 
Sebecus from the Oligocene of Argentina was referred to //chunaia parca by 
Russoni (1946). 

Until now it has been supposed (Colbert, 1946, and others) that the 
Sebecosuchia were confined to South America where they evolved in pre- 
Cretaceous times, experienced a modest radiation in the Cretaceous and early 
Tertiary, and became extinct before the beginning of the Pliocene epoch. 
There are, however, enough references to “dinosaur-like” teeth of Tertiary 
origin in paleontological literature to suggest that the Sebecosuchia had a 
* For an account of the “Tertiary dinosaur” controversy see Simpson (1932). 


2 References to Sebecus from Colombia in this paper are based on specimens in the 
Museum of Paleontology at the University of California (Berkeley). These include num- 
erous teeth of Eocene to Miocene age and a mandible of a large undescribed Upper 
Miocene species. 
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wider distribution. Teeth seemingly of the characteristic sort have been  re- 
ported from North America, Europe, Africa, and Asia. The records of these 
teeth and the associated skeletal remains are reviewed below. 

THE RECORDS 

North America.—Crocodylus ziphodon Marsh (1871, p. 453) was 
founded on small flattened recurved teeth with secant serrated edges, a pecu- 
liar quadrate bone, and associated deeply sculptured suturally united plaques, 
from Eocene rocks near Grizzly Buttes, Uinta County, Wyoming. The quadrate 
may have resembled Sebecus which differs from other crocodilian quadrates 
in several ways. Following discovery of “additional material” Marsh (1872) 
transferred the species to his new genus Limnosaurus.* Leidy (1872) thought 
the animal was not a crocodilian, and Troxell (1925) believed the quadrate at 
least was not Crocodylus. Most authors have for convenience retained the 
species in that genus. The animal has apparently not been encountered since 
1872, and the whereabouts of the original material is unknown. In describing 
Crocodylus vorax Troxell (1925) said that the teeth * .. . are entirely smooth, 
except for the anterior and posterior edges which are serrated, cutting edges: 
the crowns are recurved, pointed and much compressed.” However, Dr. J. T. 
Gregory has examined the Yale type of C. vorax at my request and writes, 
“The teeth are normal. nearly round. blunt pointed, rather like those of other 
crocodiles. | see no real differences from other Bridger crocodiles such as C. 
affinis.” Troxell did not mention teeth of Limnosaurus in his review of the 
Bridger crocodiles. but his description of C. vorax teeth recalls the words of 
March with reference to C. ziphodon. Perhaps the two were confused in the 
Troxell paper. 

Europe.—Cuvier in 1824 recognized (or guessed) the crocodilian nature 
of some Sebecus-like teeth collected from the Eocene Lophiodon marls near 
Argenton, France. These teeth, said to occur abundantly, were associated with 
eusuchian postcranial elements, Cuvier called the animal “Crocodile des 
maniéres d’Argenton” and assigned to it a fragmentary maxilla with vertical 
sides. He concluded (p. 167) that the snout was“. . . étroit et élevé verticale- 
ment.” The illustration (pl. 10, fig. 17) shows ovate alveoli of sebecosuchian 
pattern, Postcranial elements assigned to the same form may not belong with 
the teeth. 

The Crocodile of Argenton was named “Croc. Rollinatti” by J. FE. Gray 
(1831) who implicitly designated as syntypes a tooth and caudal vertebra 
(probably not from one individual, and likely from different species) figured 
by Cuvier (pl. 10, figs. 14 and 24 respectively). Gervais (1853a) in assigning 
other teeth from the Beauchamp sandstone to this species proposed a new 
generic name, Pristichampsus (spelled “Pristichampsa” and considered a 
subgenus of Crocodylus in 1853b). But in 1859 he returned the species to 
Crocodylus. Lydekker (1888) figured a tooth of “Pristichampsa rollinati” 
from Argenton in the British Museum collection which is practically identical 
with a tooth of a late Miocene Sebecus from Colombia. 

Three teeth of Pristichampsus rollinati from the Lophiodon marls of 
Argenton are preserved in the University of California Museum of Paleontol- 


® Not to be confused with Limnosaurus Nopesa (1899), an iguanodont dinosaur. 
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PLATE 1 


Sebecosuchian teeth. Fig. 1, Sebecus sp. from the Miocene of Colombia, Univ. Calif. 
Mus. Pal. no. 40220. Fig. 2 and 3, Pristichampsus rollinati (Gray) from the Eocene of 
Argenton, France, Univ. Calif. Mus. Pal. no. 43921. Teeth drawn natural size, serrations 
from middle of posterior edge enlarged X 4. Sections drawn at base of crowns. 


ogy (no. 43921). One (pl. 1, fig. 3) superficially resembles Gavialis, 
Tomistoma, or other slender-toothed crocodiles in its length, slenderness, and 
slightly bent crown. It is subround in basal cross section, and not much 
flattened from side to side. The crown is broadly but shallowly fluted from tip 
to base. but there are distinct fore and aft carinae bearing fine and regular 
serrations. The rounded section of this tooth recalls that premaxillary and 
anterior mandibular teeth of Sebecus icaeorhinus were apparently little com- 


pressed. The other teeth (fig. 2) show the characteristic “megalosaur aspect.” 


The numbers of serrations on these teeth are compared with some Sebecus 
teeth in table 1. There it will be noted that in general the size of the serra- 
tions decreases towards the base of the crown, and that this decrease is most 
marked on the trailing edge of the tooth, especially in Pristichampsus. Ser- 
rations vary in size from place to place where division of the cutting edge 
skips a space occasionally. This variation is less common in Sebecus teeth 
from the Eocene. Oligocene. and Miocene of Colombia, and seems not to occur 
in S. icaeorhinus. The surfaces of the crowns are vertically fluted like the 
rounded tooth described above, but the grooves are much broader and shal- 
lower than there. Fluting of some sort is a fairly uniform feature of crocodil- 
ian teeth generally. but teeth of Sebecus from Colombia are perfectly smooth, 
and fluting is but slightly developed if at all in S. icaeorhinus. It has not been 
reported in Baurusuchus. Among other crocodiles fluting is lacking in Alli- 
gator and some caimans so variation can be expected in sebecosuchians. One 
Sebecus tooth, A.N.N.H. no. 3162. even has a slightly wrinkled surface like 
an Alligator. 

Barnes (1926) referred some Sebecus-like teeth, from the mid-Eocene 
Braunkohl of Geiseltal, to Diplocynodon rollinati, presumably because plaques 
associated with them resembled those of Diplocynodon. However, this common 
early Tertiary European genus is generally conceded to be a highly variable 
alligatoroid: it has in all its species blunt peg-like teeth, and there is little 
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reason to believe Barnes’ flattened teeth pertain to it. On the other hand a 
“dinosaur-toothed” crocodile Weigeltisuchus occurs in the same deposit (see 
below). 

Weitzel (1938) assigned a rostrum from the mid-Eocene of the Messel 
region of Germany to P. rollinati because of its compressed and serrated 
teeth. The specimen is said to resemble a slender, vertical-sided rostrum from 
Eocene deposits at Naves (about 60 km east of Toulouse, France) earlier 
referred to this species by Caraven-Cachin (1880). The snout of the Messel 
crocodile appears depressed when seen from the side, but its vertical walls 
and narrow rostrum recall Cuvier’s remark about the Crocodile of Argenton. 
The nasals form a flat roof lying at a sharp angle to the sides of the snout. 
The outline of the rostrum from above resembles Sebecus more than other 
crocodiles, but there is a wider and deeper notch on the side for the large 
fourth mandibular tooth. (Caraven-Cachin notes perforations in the premaxil- 
lae of his specimen through which projected the first mandibular teeth). The 
dental margin is more broadly festooned vertically in Weitzel’s specimen than 
in Sebecus icaeorhinus, and the teeth appear to be slightly more numerous 
and perhaps less uniform in shape than there. Weitzel notes no peculiarities 
of palatal construction, but these may be obscured by imperfect preservation. 
The illustration suggests, however, that the internal nares lay farther forward 
than in eusuchians, and there appears to be a mid-palatal ridge which might 
represent a sort of narial septum exposed by partial destruction of the second- 
ary palate. The mandible has not been freed from the cranial rostrum, and 
its alveolar margin is hidden except around the base of the fourth tooth where 
the dorsal outline of the dentary is elevated apparently as in Sebecus. The 
splenial contributes 20 percent of the mandibular symphysis exactly as in a 
large Miocene Sebecus jaw from Colombia; as there the symphysis probably 
extends to about the posterior vertical of the sixth tooth. The teeth seem 
heavier and perhans less flattened than those of Sebecus icaeorhinus, but re- 
semble somewhat two large Sebecus or related teeth from Colombia. Caraven- 
Cachin implies that only the posterior edges of the teeth were serrated in 
his specimen, and states that the teeth were conical though flatter than in any 
known crocodile. The animal from Messel was a little more than half as large 
as the type of S. icaeorhinus. Weitzel’s animal may qualify as a sebecosuchian 
even it it is not correctly referred to P. rollinati. The same may be said for 
the specimen described by Caraven-Cachin, though perhaps it is less likely 
to belong to that species. 

Pristichampsus may belong in the same family as Sebecus, although it 
is practically certain that the genera are distinct. Some dental characters that 
can be used to distinguish between them are: 

1. Pristichampsus teeth are fluted at least in some cases; the surfaces of 
Sebecus teeth from Colombia are perfectly smooth, and only one tooth of S. 
icaeorhinus shows the slightest suggestion of vertical ridging. 

2. Serrations in Pristichampsus teeth are of smaller relative size than 
are serrations of Sebecus teeth of comparable proportions. 
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3. Serrations are less regular in Pristichampsus. If the animal from 
Messel is Pristichampsus, its depressed and strongly festooned rostrum and 
robust teeth are additional distinguishing features. 

The mid-Eocene Braunkohl of Geiseltal has yielded several almost com- 
plete but disappointingly preserved skeletons of Weigeltisuchus geiseltalensis 
Kuhn (1938). This animal resembles Sebecus in its compressed serrated teeth, 
slender skull with a broad trench on the side of the elevated rostrum for the 
fourth mandibular tooth, and a long mandibular symphysis. So far as can be 
determined from crushed specimens the orbits were laterally placed. The rela- 
tionship between length of snout and cranium is also similar to Sebecus, but 
the rostrum is relatively a little shorter in Weigeltisuchus. Vertical festooning 
of the upper jaw is more pronounced than in Sebecus, and the undivided 
nasal opening is completely unlike the South American genus but agrees with 
the Cretaceous sebecosuchian Baurusuchus. Palatal structure is not mentioned 
in Kuhn’s account, and other cranial features are not significant in the present 
connection. 

This species, if sebecosuchian, is of particular interest because much of 
the postcranial skeleton is preserved. Among unusual features noted is what 
may be the most complete armor of any crocodilian showing suturally united 
dorsal scutes (cf. Limnosaurus Marsh), plaques on the limbs as far down as 
the metapodials, and in primitive fashion, a complete armored tube enclosed 
the tail. The animal also possessed hoof-like terminal phalanges, a unique 
feature among crocodilians. Kuhn interprets an “opisthocoelous” vertebra as 
the second sacral; it would be interesting to know if any of the vertebrae are 
biconcave as supposed in Sebecus. 

Africa.—In discussing some early Miocene vertebrates from near Lake 
Victoria Andrews (1914, p. 185) mentions a serrated tooth that “ . . . is 
extraordinarily like those of some Carnivorous Dinosaurs, . . . but is most 
probably crocodilian. . . . It indicates the survival in Africa of a similar type 
of crocodile to Pristichampsus until the Miocene Period.” The tooth is very 
small and seems to have a few broad rounded ridges on the crown. The il- 
lustration does not resemble Sebecus or Pristichampsus in detail, but the 
description at least suggests a sebecosuchian. 

Asia.—Young and Chow (1953) have described Hsisosuchus chungking- 
ensis from a head and some plaques said to have come from Upper Jurassic 
rocks in Szechuan. This unusual crocodilian resembles Sebecus in dental char- 
acters, and its authors note several osteological similarities but maintain that 
the animal represents a distinct suborder but distantly related to the Sebe- 
cosuchia. Still it seems not improbable to me that the animal is really an 
ancestral sebecosuchian; some palatal features are difficult to explain, but on 
the whole the descriptions and figures could be interpreted as favoring a sebe- 
cosuchian relationship as easily as the converse. 

DISCUSSION 

In preceding paragraphs I have relied heavily on similarities of tooth 
construction. Tooth structure is not usually very reliable in crocodilian syste- 
matics, and it may seem that I have laid too much emphasis on the carnosaur- 
like qualities of the teeth herein considered. But it is precisely these qualities 
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that have led me through the literature; such teeth have always been regarded 
as unusual and their resemblances to dinosaur teeth have been universally 
noted, Furthermore little else of use is available for comparison with the 
“typical” sebecosuchians from South America. Even the vertical-sided elevated 
maxillae preserved in several specimens are to be correlated with long flattened 
teeth and are themselves without much systematic importance unless the teeth 
are significant. 

The evidence presented allows two interpretations: some or all the ani- 
mals cited are sebecosuchians, or none of them is. In the first case the Sebeco- 
suchia must have been cosmopolitan; in the second carnosaur-like teeth must 
have evolved independently in more than one crocodilian suborder. In either 
case the scarcity of fossils reflects similar and unusual habits of the animals 
concerned. 

So far as known these animals exhibit no features that certainly bar them 
from the Sebecosuchia as defined from the South American genera; I believe 
most if not all belong in that group. The alternate view might seem to have 
support from the fluting of the Pristichampsus teeth and the opisthocoelous 
vertebra of Weigeltisuchus. But the fluting of crocodilian teeth is almost an 
ordinal character whose presence in some form is to be expected, and the 
Pristichampsus (and perhaps Sebecus icaeorhinus) fluting is not exactly like 
the fluting of any other crocodilian known to me. The vertebra of Weigelti- 
suchus is the second sacral which might appear opisthocoelous even in an 
otherwise amphicoelous column. The palates of these supposed sebecosuchians 
should provide helpful information on relationships, but no useful points 
favoring either argument can be adduced from the inadequate descriptions 
of the imperfectly preserved specimens. Finally, the procoelous caudal vertebra 
chosen by Gray as a syntype of C. rollinati probably belonged to some 
eusuchian whose remains were associated with Pristichampsus teeth at 
Argenton. 


If the Sebecosuchia were cosmopolitan they may have evolved in Jurassic 
or earlier times, possibly from a pre-protosuchian ancestor (details of armor, 
teeth, and palatal structure of Hsisosuchus may suggest this in the absence of 
any knowledge of the palate of Protosuchus). Before the end of the Mesozoic 
representatives reached South America, presumably from Asia via North 
America (where no Mesozoic records are known). The South American stock 
experienced a modest adaptive radiation in the late Cretaceous. Some sebeco- 
suchians remained outside South America or emigrated from there, giving 
rise to Eocene species in North America and Europe. The group survived into 
the late Miocene in South America and left its last Old World record in 
Miocene rocks of Africa. Further speculation into phylogeny of the group 
seems pointless until more complete material comes to light, and the known 
specimens have been re-examined with the possibility of sebecosuchian af- 
finities in mind. 


DISTINGUISHING FEATURES OF SEBECOCUCHIAN TEETH 


Although the crocodilian nature of sebecosuchians is now established, 
correct identification of their teeth may still present a problem when these are 
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found in deposits where carnivorous dinosaurs can be expected. Isolated finds 
from undated rocks may also prove difficult. Simpson (1932, p. 16) noted 
that teeth of Sebecus (then not recognized as a crocodile) “ .. . are not 
exactly like those of Genyodectes serus (a true carnivorous saurischian) or 
any other known dinosaur. . . . In thin section the enamel structure of the 
teeth was not exactly matched in any dinosaur examined.” Careful comparison 
of additional Sebecus and Pristichampsus teeth with teeth of several carno- 
saurs reveals numerous though individually fallible differences: 

1. Sebecid (I assume Sebecus and Pristichampsus belong to one family) 
teeth are generally more compressed laterally and do not show the tendency 
of most carnosaur teeth to become quadrangular in basal section. 

2. Sebecid teeth—excepting the most anterior ones—have much shorter 
roots in relation to the height of the crown than most functional carnosaur 
teeth where the mature root often exceeds the crown in length. The root in 
carnosaurs is essentially straight. that of a sebecid is usually curved if the 
crown is curved. 

3. Sebecid teeth never have the vertical groove on the root and lower 
crown which often appears in large carnosaurs, both externally and medially. 

4. Serrations on sebecid teeth are smaller on the average than in car- 


nosaurs of comparable size. 

5. The leading edge of a carnosaur tooth crown is longer than the 
trailing edge. This accentuates the curvature of the tooth when viewed laterally 
and gives a certain plumpness of outline to the crown. Though the sebecid 
teeth may be strongly curved, the disparity in length between leading and 


trailing edges is never great enough to give the same degree of plumpness 
to the lateral outline. 

6. The anterior serrate carina in carnosaur teeth generally ends some 
distance above the base of the crown and at a higher level than the posterior 
one. The difference in length of fore and aft carinae is less in sebecids. 

7. The positions of the carinae change in a given series of carnosaur 
maxillary teeth so that from front to back the areas of the labial and lingual 
surfaces become subequal. In more anterior teeth the carinae may lie largely 
on the lingual surface of the crown. Carinae of sebecid maxillary and most 
dentary teeth more nearly coincide with the geometric fore and aft edges of 
the crown (as they come to do only in the more posterior teeth of carnosaurs ). 
and the anterior teeth of most sebecids (the Miocene species from Colombia 
is an exception) have a rounded cross section with carinae oriented to the 
sides. 

8. Sebecid maxillary and dentary teeth have the fore and aft edges about 
equally trenchant, and in cross section the crowns are uniformly lenticular. 
Cross sections of carnosaur teeth mostly have a broader outline, considerably 
thicker in the anterior half than behind. 

9. Pristichampsus and to a slight degree some Sebecus icaeorhinus teeth 
have longitudinal fluting unlike anything seen in carnosaurs,* and resembling 
various eusuchian crocodilians. 


* Small flattened serrated teeth with vertical ridging oceur in certain Upper Cretaceous 
rocks of North America and are usually assumed to be from carnivorous dinosaurs (for 
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1 have had no chance to compare sebecosuchian and dinosaur teeth 
microscopically, for none of the University of California specimens lends it- 
self to sectioning. It may be that Sebecus enamel is thinner than usual in 
carnosaurs, but the difference is not great. 
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HOW OLD IS OLD FAITHFUL GEYSER? 
GEORGE D. MARLER 


ABSTRACT. Since its discovery in 1870, students of Old Faithful geyser have postulated 
its age without taking into consideration numerous aspects of its mound, by which alone 
the geysers age can reasonably be determined. Detailed study of the mound shows that 
much the greater portion of its bulk was built by hot springs in at least two stages, with 
a period of dormancy between long enough for the mound to be partially covered with 
pine forest. Old Faithful itself has played but a minor and recent role in mound’s develop- 
ment; it has probably been playing for only a few centuries. Radiocarbon dating of 
silicitied wood found embedded in the mound supports this deduction. 
INTRODUCTION 

It is doubtful if there is any other natural feature in the world com- 
parable to Old Faithful Geyser in famhe and general interest about which so 
many misconceptions are entertained by the average person. Many of the 
erroneous ideas have resulted from a partial to complete distortion of facts 
by popular writers in newspapers and periodicals. There would seem to have 
been an undue effort to sensationalize, and this although a true delineation 
of the story of Old Faithful contains every element of the melodramatic. 

By no means all the past and current misconceptions about Old Faithful 
have resulted from a distortion of assembled data; some have arisen from a 
lack of objective and scientific study of the problem. The amount of water 
discharged from Old Faithful is but one example. Early in the history of Old 
Faithful it was speculated that 100,000 gallons or more of water were dis- 
charged at each eruption. Some observers stated that “the discharge may be 
as great as 750,000 gallons an hour” (Cleland, 1916, p. 67). For nearly half 
a century these and similar high figures were given to park visitors with no 
basis in actual measurement. At the time (1925 to 1932) that Dr. E. T. Allen 
and Dr. Arthur L. Day. under the sponsorship of the Carnegie Institution, 
were making a scientific study of Yellowstone’s hot springs, they questioned 
the accuracy of the high discharge figures they heard given by park person- 
nel. In commenting. they state: “The discharge of Old Faithful has probably 
been more frequently estimated (never separately measured) than any other 
geyser in the Park. The figures commonly current in the past seem to the 
writers absurdly excessive” (1935, p. 183). To arrive at a reasonably correct 
answer, they requested M. C. Boyer, an experienced gauger of the U. S. 
Geological Survey, to undertake measurements. Mr. Boyer’s measurements, 
made in August 1929. put the discharge at “from ten to twelve thousand 
gallons,” a figure much reduced from the 100,000 gallons tourists were asked 
to swallow. 

As to Old Faithful’s age, the figures given were no less out of line with 
the facts. “In the endless variety of conditions in nature one need not wonder 
at the varying results. He should rather wonder that in a single instance nature 
has produced a combination of such perfection as is found in Old Faithful, 
which for thousands of years has performed its duty with the regularity of 
clock work” (Chittenden, 1924, p. 184). The reason for attributing great age 
to Old Faithful is more readily understood than the excessive figures for 


615 


616 George D. Marler 

volume discharge. The age of a geyser, it had been assumed, was the time it 
would have taken that geyser at its present rate of deposition to build the 
mass of geyserite about its orifice. 

It is well known that siliceous sinter is deposited very slowly. Allen and 
Day state: “Attempts to measure the rate at which siliceous sinter is deposited 
have all led to the conclusion that it must be very slow” (1935, p. 151). Over 
a nine months’ period they tested “more than 50 springs.” In the Upper Basin 
they found the rate of deposition to “vary greatly, from 0.1 to 2.7 mm” 
(1935, p. 153). 

At this slow rate some of the large mounds, such as Old Faithful’s, might 
have taken several thousand years to build. It has generally been assumed 
that the current hot spring has been in existence for the entire lifetime of the 
associated mound. Old Faithful’s mound rises nearly 12 feet above its base 
and its perimeter is 615 feet; hence, at the rate given above, its age must be 
“thousands of years.” The age of a mound, however, is not always a measure 
of the age of the hot spring now situated on the mound. This is particularly 
true of Old Faithful Geyser, as the following data show. 


DESCRIPTION OF THE MOUND 

A brief description of the mound is in order to give the reader a fuller 
appreciation of the change that has been and is taking place in the mound 
and the bearing this has on the age of the geyser. The mound has a circular 
appearance though both the basal and top sections are oblong; the top ap- 
pears flattened. As measured by the Hayden Survey in 1878, at the base it 
was “145 x 215 feet, 20 x 54 feet at the top. It rises 11 feet and 11 inches 
above its base” (1878, pt. 2, p. 220). The long axis at the top lies generally 
east-west and is nearly at a right angle to that at the base. 

The mound is decidedly terraced. On the north and northwest sides the 
terraces are very prominent. The east side shows much past and present ero- 
sion; here the sinter is scoured and broken. Deep erosion channels are work- 
ing back into the cone on this side, one of them right at the base, and here 
stumps and tree sections are protruding through the eroded geyserite. The 
west side is covered with a beautiful fretwork of sinter deposited from Old 
Faithful’s water. It is on this side only, in the direction of the prevailing 
winds, that Old Faithful is now adding mineral matter to its cone. The orifice 
is not centrally located on the cone; it is on the extreme western end of the 
flattened top. The mound, shaped like a huge shield, rests upon glacial gravels. 

SOME OF THE WRITER'S OBSERVATIONS OF OLD FAITHFUL 

I have observed Old Faithful, as a naturalist in Yellowstone Park, during 
the years 1931, 1937-1941, and 1946 to the close of the 1955 season. During 
the latter part of the 1938 season Dr. C. Max Bauer, Chief Park Naturalist, 
set up apparatus for making automatic recordings of Old Faithful’s eruptions. 
A barograph was also set up to determine possible correlations between erup- 
tion intervals and barometric pressure. | was assigned to look after the ap- 
paratus and change the graphs in the recorders. 

During frequent visits to the top of Old Faithful’s mound, I had an ex- 
cellent opportunity to observe it as well as the vent in considerable detail, 
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and [ found that the contours of the mound are being actively altered from 
some earlier pattern. On certain sections of the mound geyserite is being 
deposited; on other sections it is being eroded. On the east side where erosion 
is evident, stumps and tree sections stand out in relief. The existence of these 
trees and stumps had been noted by many observers over the years, but ap- 
parently little significance had been attached to them, and none had suggested 
that they might provide evidence as to the age of Old Faithful. Several years 
prior to my observations, some of this wood had been sent to Professor E. A. 
Longyear of Colorado State College for classification, and he reported that it 
was lodgepole pine (Pinus contorta), the common pine now growing in the 
geyser basins. 

In addition to the stumps and partially exposed logs, large protuberances 
of geyserite are present near the apex of the mound, close to the vent on the 
down-basin side. They rise 4 feet above their base and 30 inches above the 
mound’s flattened top (Marler, 1953, p. 23). They had been attributed to the 
surging of Old Faithful preliminary to its eruptions, providing more frequent 
wetting and accelerated deposition on those particular spots. Careful investi- 
gation of these knobs revealed that, instead of being massive geyserite, they 
are large tree stumps heavily encrusted with siliceous sinter; the stumps served 
as nuclei over which the silica was deposited. The rapid rate of deposition on 
the protuberances is the result of the increased surface exposure on the stumps. 
The initial irregularities of the stumps are preserved in the present structure. 


HISTORY OF OLD FAITHFUL’S MOUND 

The shape and nature of the geyserite deposited about the orifice of a 
hot spring provide evidence concerning the history of activity of that spring. 
“The cone is not only a measure of a geyser’s age and activity, but it tells in 
a way the nature of the eruption” (Weed, 1929, p. 27). The general pattern 
and broad outlines of the deposition vary with the temperature and nature 
of the discharge, though in many instances the resulting pattern has been 
modified by rocks, gravel, wood, and other such irregularities. There is an 
almost infinite variety of hydrothermal deposition, from broad flattened sinter 
sheets to vertical pillar-like cones, just as there is an equally wide variety of 
activity. 

Critical examination shows positive correlation between deposition and 
activity. Old Faithful’s activity completely rules it out as the active agent in 
the deposition of the bulk of its mound’s geyserite. The terraced pattern, a 
marked feature of the cone, is presently found forming only about hot springs 
with radically different activity, the Great Fountain Geyser being an example. 
The symmetrical terraces, which are now in an active state of growth about 
the Great Fountain, result from a pulsing type of activity. During an active 
phase, lasting about one hour, repeated heavy surges send the water rolling 
from the vent in all directions. 

Furthermore, had Old Faithful been the active agent in building the 
mound through which it functions, a near balance between weathering and 
deposition should have been established long ago. On the contrary, present 


618 George D. Marler 


activity is not enlarging the mound’s general symmetry and contours. but is 


rapidly changing its configuration. Erosion is dominant over deposition, and 
each season more sinter is washed away than is added to the mound. That 
the erosion is pronounced is indicated by the amount of shortening of the 
long axis at the top of the cone since 1878. Careful measurements made in the 
winter of 1952 showed that in 74 years this axis had shortened from 54 to 
41.8 feet. All this shortening is on the eastern end of the axis, the side away 
from the protuberances and vent. 
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Fig. 1. Old Faithful’s cone, looking west, January 1952—below zero weather. The 
terraces on the north side (covered with ice), built by the intermediate spring, and the 
gouged eastern side show well. An erosion channel which is working back into the base 
of the mound can be seen at the left. Tree stumps show at points designated in the 
drawing, also a silicified tree section. 
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Because of freezing (fig. 1), erosion is much more rapid in winter than 
in summer, In winter the water rushing down the drainage channels following 
an eruption is frequently gray with the load of weathered geyserite, and small 
deltas of fragmental sinter extend out into the Firehole River where the drain- 
age channels enter the stream. During the 1951-1952 winter, two large blocks 
of sinter spalled from the east end of the top of the mound. As closely as could 
be determined this single incident shortened the axis between 4 and 6 inches. 

The terraces, which were at one time nearly symmetrical about the entire 
cone, have been completely obliterated on the eastern side, and the cone deeply 
gouged by the hydraulic action of Old Faithful’s falling water. On the westerly 
side the terraces have been partially filled and effaced by mineral deposition 
since Old Faithful came into being. This recent deposition rests on an older 
geyserite, and represents a very small fraction of the entire cone. It is scarcely 
more than a veneer, ranging from a mere shell to a maximum of nearly 6 
inches in the most favorable locations." 

The pronounced erosion taking place on the east end of Old Faithful’s 
mound, and the cutting of the drainage channels into an older sinter, are thus 
certain evidence of a marked change of present activity from that of an earlier 
period. Moreover, the silicified wood shows incontrovertibly that the mound 
has passed through a period of complete dormancy. “Manifestly, it would 
have been impossible for trees to have been growing over this mound while 
any hot-spring activity was taking place. The partially exhumed logs and 
stumps are certain evidence of a long period of dormancy. That trees will 
grow on a mound of geyserite can be seen by observing the large mound 300 
feet east of Old Faithful. Trees are now growing over its north and east sides. 
Old Faithful’s mound would have presented a similar appearance at one time. 

“The tree stumps and tree sections which are now being exposed by Old 
Faithful’s erosive water were interred by a hot spring antedating the present 
veyser. The fact that the trees are imbedded in a geyserite that is now being 
eroded is indicative of at least two separate periods of activity with an inter- 
vening dormant period before Old Faithful came into being. First there was 
the activity which built the cone to near its present dimensions. This was 
followed by a long period of dormancy during which trees grew over the 
mound. Then the mound was rejuvenated and an activity very different from 
Old Faithful’s took place for a relatively long period. It was this activity that 
buried the logs and stumps,” and “built the terraces. Whether a period of 
dormancy occurred following the closing of this chapter in the mound’s 
history and the coming into being of Old Faithful is uncertain” (Marler, 
1953. p. 28). 

It is highly probable that the spring which built the bulk of the sinter 
in Old Faithful’s mound became extinct because the internal deposition of 
silica, at least in the upper reaches of its plumbing, sealed off all egress of 
water, We have only suggestive evidence to indicate what brought this dor- 
mant stage to an end and opened a second hot spring (referred to below as 
the intermediate spring), with none of the functional characteristics of the 


‘ Measurements in 1952 and 1953 suggest that the rate of deposition of silica on the west 
side of Old Faithful’s mound is between 0.6 and 0.8 mm per year. 
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earlier one. The mound shows surface evidence of a break through its center. 
From the eroded side the break is very apparent. It extends in a fairly straight 
line from the vent along the axis of the top of the mound and down the east 
side to the bottom. At the surface on the west side, mineral deposition ob- 
scures it. That it extends westward can be determined by looking into the 
vent; it is through a section of this fracture that Old Faithful’s water now 
issues. That the fracture is deep-seated was noted by Allen and Day: “Im- 
mediately below the geyser orifice is a long, narrow chamber some 8 feet 
deep, the bounding side walls of which recede into the darkness so that its 
dimensions can only be surmised. This chamber remains empty for a con- 
siderable time after an eruption, revealing a long straight, narrow crack in 
the bottom nowhere more than 3 inches wide and also extending (N.W.-S.E.) 
back into the shadows at both ends. It is visible in favorable light for perhaps 
20 feet” (1935, p. 198). 

There is abundant evidence that most of the alkaline springs in the 
geyser basins had their origins in acid ground. This was no doubt true for 
the hot spring which first developed at the site of Old Faithful’s mound. A 
large fumarole on the flank of the dormant mound nearest Old Faithful’s is 
now in acid ground, though the water of the spring which built this mound 
was alkaline. The intermediate spring, however, began as an alkaline spring. 
and Old Faithful developed from this spring with no apparent change in the 
character of the water, for there is no evidence of acid decomposition in the 
mound between the oldest spring stage and the present. In my opinion the 
intermediate spring. which built the terraces and interred the stumps and 
prostrate tree sections, began to flow when some mechanical adjustment broke 
the geyserite shield, thereby tapping arteries that had been sealed off in their 
upper reaches; it did not follow the normal slow process of chemical de- 
velopment as did the fumarole just mentioned. This view is strengthened by 
the presence of innumerable pine needles and staminate and pistillate cones 
embedded in the geyserite that was deposited by the intermediate spring. A 
rather sudden extrusion of water from the cone, while the trees were still alive. 
seems required for the nearly perfect preservation of these specimens. par- 
ticularly the staminate cones. 

Probably the intermediate spring had very different activity from Old 
Faithful, both because a large section of the crack served as an orifice. and 
because one or more of the large neighboring cones were then active. Like 
other groups of closely spaced springs in Yellowstone, Old Faithful and its 
neighboring mounds would all seem to be connected subterraneously (Marler, 
1951). Even if the mound passed through a dormant stage following the in- 
termediate spring, this stage must have been very short. Probably the inter- 
mediate spring was a direct precursor to Old Faithful, which took on its present 
pattern of play at about the time one or more of the other connected springs, 
including a section of the crack, became choked with mineral accretion, di- 
verting all the thermal energy to Old Faithful. The shape of the terraces 
provides additional evidence that Old Faithful is now erupting from a section 
of the intermediate spring's vent; thus the long axis of the top of the cone is 
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at a right angle to the basal axis, probably because the water at the inter- 
mediate stage issued along the greater length of the crack at the top of the 
mound. A section of the crack, 4 feet east of the present orifice, is still a steam 
vent. 


HOW OLD IS OLD FAITHFUL? 

On those sections of Old Faithful’s mound where there is current addition 
of silica, only a short time would have been required to deposit the rind-like 
encrustation of geyserite. This, in connection with the marked amount of 
erosion on other sections, led to the conclusion: “As a geyser, Old Faithful 
is undoubtedly a newcomer in the geyser basins since embraced by Yellow- 
stone Park. When the mass of geyserite in and about its cone is measured 
against the minute fraction it has added, it becomes evident that Old Faithful 
is a very recent addition to the imposing list of geysers now found in the 
Upper Geyser Basin. At best it cannot be more than a few hundred years old” 
(Marler, 1953, p. 30). 

In September, 1954 Dr. Harmon Craig of the Institute for Nuclear 
Studies, University of Chicago. was in Yellowstone Park studying the origin 
of the hot waters and steam by natural isotopic tracer techniques. He became 
much intrigued with the silicified wood found embedded in the geyserite 
about a number of the hot springs, and sent a specimen of the wood from Old 
Faithful’s mound to Dr. Meyer Rubin at the U. S. Geological Survey Radio- 
carbon Laboratory for carbon 14 analysis. In reporting the results of the test. 
Dr. Rubin stated: “Our number for the sample is W-311 and the age de- 
termined, 730 + 200 years” (personal comunication, dated November 7, 
1955). 

The data presented in this paper make it reasonably certain that the origin 
of the intermediate spring goes back to the period dated by carbon 14. The 
origin of this spring and the age of the wood are essentially the same. In de- 
termining the age of Old Faithful the problem is to find how long the inter- 
mediate spring functioned before Old Faithful began playing. The amount of 
geyserilte deposited by the intermediate spring no doubt holds the key to the 
answer; as yet no exact determinations of the amount have been made, but 
it seems to be about three times as much as the amount deposited by Old 
Faithful. If the intermediate spring deposited silica at about the same rate as 
it is currently being added to the mound, then it would necessarily have been 
in existence about three times as long as Old Faithful. The logical inference 
is that Old Faithful Geyser began to erupt only about two centuries ago. 
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DIFFERENTIATION AND ASSIMILATION 
IN THE LOGAN SILLS 
LAKE SUPERIOR DISTRICT, ONTARIO* 


R. G. BLACKADAR 


ABSTRACT. The results of petrographic and chemical studies made on rocks from 
the Logan sills are presented. The author concludes that many of the sills are composite, 
that the associated hybrid rocks, the so-called red-rock, resulted from the assimilation of 
granite or rarely chert and quartzite, and that differentiation was limited by the small 
size of the individual units composing the multiple intrusions. 


INTRODUCTION 

The diabasic Logan sills outcrop north and west of Lake Superior. This 
paper is concerned with seven sills which are found between 88°33’ and 
90°00" west longitude and 48°00’ and 48°45’ north latitude. 


GEOLOGICAL SETTING 

Towards the close of Precambrian time the Lake Superior basin was 
subjected to the intrusion of a vast amount of basic magma. This activity 
gave rise to dikes, sheets, and sills of diabase, some of which are known as 
the Logan sills. The large, differentiated, basic sill which outcrops in the 
vicinity of Duluth, Minnesota is thought to be derived from the same source. 

In general. the igneous rocks in the area under consideration have been 
only slightly affected by weathering. and the sills form prominent topographic 
features throughout the area, the best known being Mt. McKay which rises 
to 1600 feet above sea level. 


PREVIOUS INVESTIGATION 

Early geological work was carried out in the area by Sir William Logan, 
T. Macfarlane, E. D. Ingall, and A. C. Lawson. The results of field work made 
by T. L. Tanton were published in 1931 as Memoir 167 of the Geological 
Survey of Canada, and the reader is referred to the maps accompanying this 
report. Further geological investigation was carried out during the field 
seasons of 1950 and 1951 by an Ontario Department of Mines field party 
headed by Dr. W. W. Moorhouse. 


COURSE OF PRESENT INVESTIGATION 
This paper is the result of a study of some 200 thin sections made from 
rock specimens collected by Dr. W. W. Moorhouse. Suites across seven com- 
plete sills (i.e. total present thickness known) were examined as well as 
specimens from incompete sills. Numerous rock specimens from zones of 
marked petrographic change were also studied. Thin sections were available 
for these specimens and micrometric counts were made of all these. The author 
carried out 17 chemical analyses, and a further six were made by W. H. 
Herdsman of Glasgow, Scotland. 
* Published by permission of the Acting Deputy Minister, Department of Mines and 


Technical Surveys, Ottawa, Canada. 
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The plagioclase feldspars were determined optically in all cases where 
this was possible. Unfortunately this mineral is often extensively sericitized, 
and in these cases it was impossible to obtain satisfactory data. 

The clinopyroxenes, augite and pigeonite, were examined using the uni- 
versal stage. The ratio of these two minerals was determined in certain cases. 

Olivine was also investigated by means of the universal stage. The spe- 
cific gravity of specimens was determined using a two-pan balance adapted 
for this determination. 
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THE DIABASE SILLS 

Field relationships of the Logan sills-—The general geology of the area 
is given by Tanton (1931). The sills are most commonly found in the shaly 
members of the stratigraphic succession. They also appear to have been in- 
truded along unconformities in the rock sequence. Few examples exist of 
diabase cutting igneous rocks, and where this has occurred, the diabase was 
intruded along an unconformity between sediments and granite; thus only 
at the margins of the granite does the sill intrude the granite. 

Three sets of joints characterize the fracture pattern of the sills but 
columnar jointing is not well developed. Moorhouse (personal communication ) 
reports that from a distance crude columnar jointing is visible and that in 


TaBLe 1 
Average Composition of Sills 


Sill no. 1(15)* 2(20) 4(29) 5(9) 


Plagioclase 57, 54.6 55.9 51. 60.0 

Clinopyroxene . 28.7 17.1 24.6 

Amphibole - 0.4 ~- 0.6 

Biotite 2.0 12.6 6.6 

Chlorite - ' 5.4 1.0 ai 1.0 

Olivine 4.3 2.6 0.7 

Quartz - 1.7 1.8 — 

Magnetite 10.6 2.9 7.9 12.5 6.4 9.4 
99.0 99.6 99.6 99.3 99.5 99.9 99.9 


* Figure in brackets indicates number of Rosiwal analyses used to obtain average com- 
position. 


1 Stanley sill 4 Mt. McKay Upper sill 
2 Hillside sill 5 Mt. McKay Lower sill 
3 Keshkabuon Island sill 6 Loon Lake sill 

7 Silver Mountain sill 


7 (16) 
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places a polygonal pattern is to be observed on smoothed upper surfaces of 
the sills. 

In general the diabase magma does not appear to have caused much 
metamorphism. At the contact with rocks of Animikie age a slight baking 
and induration of the sediments is noticeable in a zone some 1 to 4 inches 
thick. 

Petrography.—Seven sills were examined in detail by means of some 120 
thin sections. Table 1 gives the average composition determined by micro- 
metric analyses of each of these sills, the locations of which are noted in 
figure 1. 


Ny 


LAKE 


1. Stanley Sill 5. Mt. McKay, Lower Sill 
2. Hillside Sill 6. Loon Lake Sill 

3. Keshkabuon I. Sill 7. Silver Mountain Sill 
4. Mt. McKay, Upper Sill 


GSC 


Fig. 1. Index map showing locations of Logan sills. 


Table 2, which is the basis for the classification of the textures found in 
the Logan sills, is taken from Pye (1953). 

Doleritic or subdoleritic textures are the most common in the seven sills 
under consideration, but in a few instances subophitic textures have been 
developed. 

Although similarities exist in the mineralogy, in the association of one 
mineral with another and in the textures developed in these sills important 
differences are found, differences illustrated by the variations in the amounts 
of certain minerals present, in grain size, specific gravity, and in the chemical 
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TABLE 2 
(after Pye, 1953) 
Textures of Intersertal Basic Igneous Rocks 


The plagioclase laths are entirely 

The pyroxene show enclosed in the large pyroxene areas Ophitie 
chows 

uniform extinction 


The pyroxene is subordinate in amount 
over large areas 


and forms a filling in the small inter- 
stices between the feldspar crystals Subophitic 


The interstices between feldspar crystals 
are occupied by aggregates of discrete 


The pyroxenes of crystals and grains.of pyroxene Doleritic 


adjacent interstices 
are of different The interstices between the feldspar 
orientation crystals are occupied by pyroxene grains, 
the outlines of which are determined by Subdoleritic 
the enclosing feldspar individuals 


Note: In doleritic texture as so defined the space between feldspar crystals is oc- 
cupied by two or more pyroxene crystals or grains. In subdoleritic texture only one 
pyroxene crystal or grain is found between adjacent feldspar crystals. 


composition of certain minerals, especially plagioclase, clinopyroxene, and 
olivine. 

Variations in the composition of the plagioclase feldspar are found in 
all sills. These variations are illustrated in figure 2. 

Differences in specific gravity were noted within the Keshkabuon Island 
and upper Mt. McKay sills and are illustrated in figure 3. 


The changes observed in grain size in the sills are noteworthy. These are 
illustrated in figure 4. 


Although olivine and magnetite are present in most of the sills, the 
amount of each mineral present at a given level in a sill is variable. These 
variations are graphically illustrated in figure 5, In two sills the ratio between 
augite and pigeonite was determined. These are presented in figure 6. 

Mode of intrusion of the sills——The preceding data suggest that the 
majority of the sills in the Lakehead region appear to be the product of an 
unusual intrusion sequence. Originally it was expected by the writer and 
others that a large sill, such as the upper sill on Mt. McKay, would show 
typical layering due to differentiation in place, such as is found in the Pali- 
sade sill and other similar intrusions. This is far from being the case. A glance 
at figure 5 shows remarkable fluctuations in the amount of olivine present. 
The values vary from 0 to 7.5 to 2.0 percent in a vertical distance of 20 feet. 
The grain size and specific gravities from this sill show equally amazing 
fluctuations. Although these abrupt alternations in the physical and mineral- 
ogical properties of the rocks are most spectacularly developed in the upper 
sill on Mt. McKay, yet they are present in the Stanley, Hillside, and Keshka- 
buon Island sills. The lower sill on Mt. McKay and the Loon Lake sill do 
not show these features. From the relationship exhibited between grain size, 
olivine content and, to a lesser extent, specific gravity, the writer has been 
led to postulate that the upper sill of Mt. McKay is far from being a simple 
intrusion. Rather it may be multiple, composed of at least four separate in- 
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50 

Albite 
Fig. 2. Graphs showing the variation in the composition of the plagioclase feldspar 

in the Logan sills, 


trusions. It is further postulated that these intrusions must have been all but 
contemporaneous in time. None of the rock specimens examined from the 
center of the sill showed the presence of a chilled border phase. This is good 
evidence that before the first intrusion had solidified the second was intruded, 
and so on until all had been emplaced. The Keshkabuon Island sill may be 
the result of three separate intrusions, and those sills found near Stanley and 
Hillside could have originated from two successive injections of diabase 
magma. It would appear that some differentiation took place before the final 
emplacement of many of the sills. The increase in the soda content of the 
plagioclase from the base to the top of several of the sills suggests this. 
Thus we may picture the igneous activity which gave rise to the Logan 
sills as a pulsating process by which a gabbro-derived magma was injected 
little by little along planes of structural weakness. It is possible that the place 
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Fig. 3. Graphs showing the variations in specific gravity in the Keshkabuon Island 
sill and the upper Mt. McKay sill. 


of injection was so far removed from the place of origin (the postulated gab- 
bro lopolith underlying Lake Superior, and parent of the Duluth gabbro) 
that only infrequently was sufficient force developed to propel the magma 
so far afield. 

Although laboratory evidence exists for the multiple nature of these sills, 
no field evidence has yet been found to support the idea. However, the only 
criterion used to support the hypothesis of multiple intrusion which would 
be expected to show up megascopically is the change in grain size, and even 
that would not be unusually pronounced. 

Mineralogy.—The rocks of the Logan sills are relatively simple mineral- 
ogically. Feldspar and clinopyroxene comprise 60 percent of the mineral con- 
tent in most thin sections examined. Olivine is locally abundant as in the 
upper sill on Mt. McKay and the sill found on Keshkabuon Island. Biotite, 
chlorite, and amphibole are locally abundant and rarely absent. Magnetite, 
apatite, potash feldspar, carbonate, and micropegmatite are found in variable 
amounts. A detailed mineralogical investigation was made of plagioclase. 
clinopyroxene, and olivine. 

Methods.—The refractive indices of the plagioclase feldspars were de- 
termined by immersion methods using white light. The grains were mounted 
on a gelatine-coated slide. At least six grains were examined in each amount 
with each oil. The curves established by Tsuboi (1923) were used in obtain- 
ing the composition of the plagioclase from the index of refraction. 
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Fig. 4. Graphs showing the variation in the grain size of plagioclase feldspar in 
the Logan sills. 

The value of the optic axial angle was determined for olivine and clino- 
pyroxene by using a four circle universal stage. 

Feldspars.—Albite twinning appears to be the most abundant type 
present. No zoning was seen in the plagioclase. In sills where no evidences 
of contamination or extensive differentiation could be detected, the plagioclase 
was generally andesine or labradorite. In the “red-rock” and related lithologic 
types, plagioclase as sodic as Ano, is present. 

An untwinned alkali feldspar forms interstitially in the groundmass and 
is frequently extensively intergrown with quartz. 

Olivine —This mineral commonly forms in small rounded grains rarely 
exceeding 0.05 mm in diameter. Exceptions are found in the upper Mt. McKay 
and Keshkabuon Island sills in which olivine grains exceeding 0.5 mm are 
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Fig. 5. Graphs illustrating the variation in the percentage of olivine and magnetite 
present in the Logan sills. 


common. The mineral is frequently surrounded and penetrated by magnetite. 
Clinopyroxene is associated with olivine and not infrequently completely sur- 
rounds that mineral. 

The minuteness of the grains made the determination of the indices of 
refraction impractical. However, by means of a four axis universal stage, 
values of the optic axial angle were obtained. Poldervaart (1950, p. 1072) 
states that, although the composition of an olivine is best determined by find- 
ing the refractive indices, yet fairly close agreement is found by using the 
optic axial angle. For this reason, the writer considers the following results 
to be significant. The chart accompanying Poldervaart’s paper was used in 
the calculation of the results given in table 3. 
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Fig. 6. Graph illustrating the changes 
in the ratio of augite and pigeonite in 
the Hillside and Silver Mountain sills. 


TABLE 3 
sv Sign Composition 
Loon Lake sill 96-86 + F100- FosoF a 20 
Keshkabuon Island 72-89 - FosoF aso-Foss Fais 


Stanley sill 68-70 ass-Foss Fass 


Note: In all cases the value of the optic axial angle and the composition given first 
is nearer the lower contact. 


Theoretically, the fayalite content of an olivine should increase from the 
base to the top in a differentiated sill. This is evidence of the process of iron 
enrichment. This change in composition is true in the Loon Lake sill and 
probably in the Stanley sill, but the reverse appears to be the case in the 
Keshkabuon Island sill. However, it is quite possible that the reversal is due 
to the possible composite nature of the sill. 
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Pyroxenes.—Nearly 100 determinations were made on the optic axial 
angle of the clinopyroxenes found in the seven sills. Unfortunately, the pos- 
sible composite nature of the sills renders any correlation of the ratios of 
pigeonite to augite impractical. Table 4 gives data on the clinopyroxenes, 


TABLE 4 
Optic Axial Angle 
Sill Pigeonite Augite 
Keshkabuon Island 0-32 37-62 


Mt. McKay, lower 0-32 53-59 
Loon Lake 10-32 15-47 


Silver Mountain 0-28 35-62 


Chemical data.—Seventeen chemical analyses were made by the writer 
and an additional six were made by W. H. Herdsman, three of which were 
duplicates of the writer’s work. W. H. Herdsman made additional analyses 
of the FeO and Fe,O, percentages of all samples analyzed by the author. 

The procedure used by the writer was that outlined by Hillebrand and 
Washington as revised in 1938 for use at the University of Toronto. Iron was 
determined by titration on separate samples. A new method was used for the 
determination of titanium oxide. This is described by Prodinger (1940, p. 76) 
and was found to be satisfactory and obviated the difficulties involved in 
color comparison. 

The appearance of certain oxides is of interest. Chromium was determined 
in nearly all of the analyses made by W. H. Herdsman, although in amounts 
never exceeding 0.03 percent. This oxide was not determined by the writer. 
According to Rankama and Sahama (1950, p. 621) chromium occurs in trace 
amounts in many silicates. It has been detected in augite, hornblende, and 
olivine. Mason (1952, p. 97) states that 1.2 percent of some augites may be 
Cr,O,. It is particularly abundant in the magnesian olivines. 

The MnO content was determined by W. H. Herdsman to range from 0.18 
percent to 0.35 percent. Rankama and Sahama (p. 643) state that the dark 
silicates which contain hydroxyl groups carry the most manganese. Thus 
biotite and hornblende are the most probable carriers of this mineral. 

P.O; is mostly tied up with the mineral apatite. Generally speaking, 95 
percent of the P.O; content of igneous rocks is in this form. . 

TiO, is present in amounts up to 4.46 percent. Undoubtedly, this is 
mainly tied up with ilmenite or titaniferous magnetite. The pinkish color of 
the clinopyroxene in the diabase rocks of the Logan sills strongly suggests 
that some of the TiO, is present in the clinopyroxene structure. 

Petrology.—The presence of a pigeonite and a quartzofeldspathic ground- 
mass suggests that the rocks of the Logan sills are tholeiites. Such rocks 
tend to have a higher content of SiO, and lower contents of Na,O, K,O, and 
MgO; normative quartz should appear to the exclusion of olivine and nephe- 
line. The results of the chemical analyses tend to substantiate the classification 
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TABLE 5 


SiO, 48.79 47.57 
TiO, 2.13 1.54 
15.92 18.27 
Fe.0s 1.54 1.34 
FeO 9.55 9.02 
MnO n.d, n.d, 
MgO 7.44 8.90 
CaO 10.20 8.37 
Na.O 1.70 1.49 
k.O 92 1.88 
H.O + 53 1.28 
19 30 
P.O; 14 18 
n.d. n.d, 
CO, 09 14 


99.14 100.28 


Or 5.00 
Ab 14.15 
An 35.58 
QOtz 
Di 4.97 
H 28.95 
Ol 

Cor 
Mag 2.09 
ll 3.95 
Ap 3.02 
Cal 20 


of these rocks as tholeiites. The rocks of the Logan sills also agree with criteria 
for recognizing tholeiites given by Turner and Verhoogen (1951, p. 183). 

The data in table 9 are taken from the literature and from the author’s 
own chemical analyses, All analyses are quoted 100 percent water-free. From 
this data it will be seen that the diabases of the Logan sills have a lower SiO, 
content than most other similar rocks. The Mt. McKay sill is remarkable for 
its unusually large content of TiO.. The Logan sill rocks tend to be slightly 
lower in CaO and Na,O but are higher in MgO and K,O than the typical 
world-wide examples quoted. A comparison of the average composition of 
the Logan sills and a typical Keweenawan lava flow does not show a great 
amount of similarity. The SiO, content is similar, but MgO and K,O are 
more abundant in the intrusive whereas CaO and Na,O are more prevalent 
in the extrusive. The intrusive diabase has a greater amount of FeO and a 
lesser amount of Fe.Qs. 

Figure 7 is a curve plotted from the average chemical composition of 


typical igneous rocks as calculated by Daly (in Handbook of Physical Con- 


633 

3 4 5 
47.46 45.44 47.31 
11 92 78 
7 15.97 12.96 17.76 
1.93 3.78 1.25 
9.17 8.33 9.08 
n.d. 35 n.d. 
9.48 12.14 8.89 
10.08 6.72 8.64 
1.65 1.02 1.39 
1.07 2.23 1.99 
1.26 5.42 1.80 
38 86 36 
19 tr 
n.d. 03 n.d. 
10 nil 16 
es 99.85 100.20 99.63 

Norms 
11.12 6.13 12.79 11.68 
12.58 13.62 8.38 11.53 
37.25 33.08 24.46 36.42 
2.48 12.64 7.20 4.54 
17.27 28.73 24.74 20.35 
12.18 111 19,22 10.30 
1.86 2.78 5.34 1.63 
2.89 5.66 1.67 1.37 
34 34 34 
30 20 ~ 30 
* 


R. G. Blackadar—Differentiation and Assimilation 
TABLE 6 
9 10 


SiO, 44. . 18.36 48.99 
TiO, . 3.5% 1.00 1.93 
Al.Os 3. 17.90 17.88 
FeO; 2. 3.4: 2.21 3.99 
FeO 3.68 2 7.35 8.01 
MnO a 20 n.d. 
MgO 6: 7.75 4.33 
CaO 10.42 7.86 
2.9: 1.54 2.90 
K.O 2. 05 | 2.13 
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H.0- J 30 59 
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Coz i nil 20 33 
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Norms 
Or 14.46 35 5.00 12.23 
Ab 14.15 24. 13.10 24.10 
An 6.67 22.52 39.20 29.75 
Qtz 2.64 2.94 2.76 
Di 9,24 1.76 
Hy $1.24 21.52 25.14 15.42 


Ol 
Cor 
Mag 4. 3. 8.58 
Il 3.65 
Ap 2.02 
Cal 70 
stants, 1942. p. 14). The data taken from Daly are marked by crosses, those 
of the author by circles. In general, the diabases from the Lakehead district 
have a much lower Na.O/K.O ratio than the world average. Also, it appears 
that the rocks of the Logan sills are but slightly similar to the supposed ex- 
trusive equivalents found to the south and that they are characterized by a 
slightly lower SiO,., CaO, and Na.O content and slightly higher MgO and K.O 
content than typical diabases throughout the world. 

The general sequence of crystallization in the diabase magma which has 
given rise to the Logan sills appears to be as follows: the first mineral to 
crystallize was olivine but it was soon followed by plagioclase and clino- 
pyroxene. In fact, it is possible that all of these minerals crystallized together. 
The writer observed inclusions of plagioclase in olivine; the same relations 
exist between plagioclase and clinopyroxene. 

Fenner (1910) suggests that a step-like penetration of plagioclase into 
clinopyroxene indicates that these minerals crystallized simultaneously. Some 
olivine was converted to clinopyroxene, and reaction rims, though not 
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abundant, were seen in some thin sections. Late in the crystallization sequence 
titaniferous magnetite and apatite crystallized. Biotite, hornblende, and 
chlorite all appear to be alteration products of clinopyroxene. Late in the 
crystallization history of the magma, the residual liquid appears to have been 
enriched in silica and alkalies; this enrichment resulted in the development 
of quartz, alkali feldspar, probably orthoclase, and an intergrowth of the two. 
This forms interstitially to all other minerals. 

Figure 8 shows the chemical variation of the Logan sills magma. Pos- 
sible acid differentiates are omitted from this figure. The ratio expressing 
enrichment in iron, i.e. 

FeO + Fe.0; 
FeO + Fe.0; + MgO 
has been used as abscissa. This diagram indicates that, in general, differentia- 
tion in the Logan sills closely followed the expected course in basic magma, 
a situation considered in more detail by Walker and Poldervaart (1949, 
p. 651). 
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TABLE 8 


23 
n.d. 
n.d. 
32 
carbon 


99.80 99,32 99.75 


100.90 


Norms 
8.90 22.24 16.68 
17.82 23.58 19.39 
30.30 6.39 4.45 
— 23.94 20.04 
15.27 - - 
18.78 13.90 16.92 
4.38 — — 
— 3.88 10.00 
1.39 1.16 
1.82 ‘ 16 
67 — — 
20 40 


Location of Chemically Analyzed Specimens 

Specimen no. 

1 —2 feet above lower contact, Keshkabuon Island. 

2 — 30 feet above lower contact, Keshkabuon Island. 

3—55 feet above lower contact, Keshkabuon Island. 

4 — 85 feet above lower contact, Keshkabuon Island. 

— composite of Keshkabuon Island sill. 

6 — lower contact of Mt. McKay sill (upper sill). 

7 — 125 feet above lower contact of Mt. McKay sill (upper). 
8 — composite of Mt. McKay sill (upper), 30 specimens. 

9 — typical diabase on island south of Amethyst Harbour. 
10 — composite of Loon Lake sill, 7 specimens. 
11 — granitic phase of diabase. North of Navilus Station. 
12 — gradation of 11 to diabase. 
13 — diabase 2-3 feet above 12. 
14 —typical granite near Amethyst Harbour. 
15 — syenite with slate inclusions. Amethyst Harbour. 
16 — diabase near granite. Island east of Silver Harbour. 
17 — altered granite. Island east of Silver Harbour. 
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18 — granite. Island east of Silver Harbour. 
19 — diabase 6 feet from syenite breccia. Amethyst Harbour. 
20 — argillite, Amethyst Harbour. 


Analyses 4, 6, 7, 8, by W. H. Herdsman. Also analyses for Cr:Os; and MnO wherever 
listed. FeO and Fe:O, ratios also determined by that laboratory. Remaining analyses by 
author. 


G.S.C. 


60 
Fe O+Fe,0; 
Mg O +Fe O+Fe, 0; 


Fig. 8. Graph illustrating the variation in chemical composition of the Logan sills 
magma. 


The problem of iron enrichment in cooling basaltic magmas has long 
been the subject of debate. Fenner (1938) and Wager (1939) have been the 
chief protagonists of iron enrichment, latterly supported by Walker and 
Poldervaart (1949), while Bowen (1928, p. 80-83) considered that the crystal- 
lization of basaltic magma gives rise to an enrichment in silice and alkalies. 
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Walker and Poldervaart (1949) suggested that in a crystallizing diabase 
magma two main trends are established, the first by the crystallization of 
plagioclase which leads to enrichment of the residual melts in soda, and the 
second by the development of the ferromagnesian minerals. The latter trend is 
made obvious by the change from magnesian to iron-rich olivines as crystal- 
lization proceeds. and by the replacement of the earlier calc-magnesian clino- 
pyroxene by one more rich in iron. A triangular diagram, figure 9, was 
plotted for the chemical analyses of the Logan sills diabase. This plot indi- 
cates that there was progressive enrichment in iron relative to magnesia until 
near the completion of the process when a rapid increase in the proportion of 
alkalies present occurred. The trend of differentiation in the Logan sills closely 
parallels the results obtained by Walker and Poldervaart and also by previous 
workers in this field. 

The enrichment in iron apparent from the curves in figures 8 and 9 
should also be discernible in the mineralogy of the diabases. Bowen and 
Schairer (1935) indicated that an increasingly iron-rich olivine will result 
from the progressive crystallization of a mixture of forsterite and fayalite. 
This is found to be the case in the Loon Lake sill where the composition of 
the olivine varies from pure forsterite near the base of the sill, to an olivine 
\.hich is 20 percent fayalite (Fe.SiO0,). 

Hess (1941, p. 583) suggested that in pyroxene melts the more ferri- 
ferous crystals crystallize as pigeonite because, with iron-rich composition, 
the inversion curve is below that of the temperature of the magma. The 
absence of hypersthene in the rocks of the Logan sills suggests that the tem- 
perature of the magma was about 1100°C. The absence of hypersthene with 
oriented plates of clinopyroxene derived by exsolution suggests that cooling 
was fairly rapid in the Logan sills. 


THE HYBRID ROCKS 

Assimilation and differentiation.—In the past both assimilation and dif- 
ferentiation have been used to explain the origin of the so-called red-rock 
frequently found at the top of diabase sills and other sills of basic composi- 
tion. This rock type is widespread in the Lakehead district. Some 60 thin 
sections were examined and Rosiwal analyses were made of most of these 
in the study upon which this part of the paper is based. 

On a small island south of Amethyst Harbour diabase cuts slate. As- 
sociated with the diabase are apparently intrusive masses of so-called syenite 
and syenite breccia. The breccia is composed of a feldspar-micropegmatite 
rock which is filled with patches of black isotropic material having a reticulate 
habit. It is thought that the isotropic material is a relict of slate which has 
been assimilated by the syenite. Tourmaline is present in the syenite. Chemical 
analyses 15, 19, and 20 are from this locality and are of syenite that cuts 
slate, diabase, and slate. When these data are plotted on a variation diagram, 
it becomes evident that the syenite is not the result of mixing of diabase and 
slate. The total alkali content of the syenite (red-rock) is slightly higher than 
either of the rocks by whose combination it could have been produced. Grout 
(1918, p. 626) implies that this is indicative of differentiation rather than 
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assimilation. However, assimilation of slate by the differentiate of the diabase 
is indicated from field and microscopic examinations. 

Although the syenite or red-rock does not appear to be the result of as- 
similation of slate by diabase, yet it might be the product of the assimilation 
of granite at depth giving rise to a rock of syenitic composition which, in 
turn, assimilated slate when it came in contact with it. From the variation 
diagram, figure 10, plotted between diabase (analysis 19), syenite (analysis 
15), and granite (analysis 14), it will be seen that the points neither lie on a 
straight line nor do they show regular variation. If the theory behind the 
construction of variation diagrams is valid, then it can be stated that the 
syenite is not the result of assimilation of granite by diabase. Further evi- 
dence against an origin for the syenite by assimilation of older rocks is found 
in figure 7. The syenite of analysis 15 lies near the trend of normal differentia- 
tion in igneous rocks. The absence of xenocrysts of plagioclase is also an 
indication that there is no important assimilation. 


Diabase 
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Na, O+ Mg O 
Syenite 


Fig. 9. Graph illustrating iron enrich- 
ment during crystallization of the Logan 


sills, 


GSC 
Fig. 10. Silica variation diagram 
of Logan sill diabase, and associ- 
ated syenite and granite. 

The presence of tourmaline in the syenitic rock is interesting. Rankama 
and Sahama (1950, p. 485-491) point out that boron is an element character- 
istic of the late stages of magmatic crystallization. Friedman (1954) noted 
an enrichment in this element near the upper contact of the Palisade sill. Ac- 
cording to Rankama and Sahama, boron is roughly 30-100 times more 
abundant in shales than in diabases. The writer is inclined to think that the 


%, Oxides 
5 10 15 20 
| | 
| 
| | 
1 

FeO | | 
| 2 
“| 
| 
oe 
| 
| | 

| 
| 
| 
| 
\ Granite | | 


in the Logan Sills Lake Superior District, Ontario 641 


tourmaline in the syenite is the result of an addition of boron through the 
incorporation of argillaceous material. Because of its high mobility it is not 
surprising that the boron, if originally present in the incorporated shale, has 
since been moved relatively far away from its parent material. 

As will be shown, much of the red-rock has been produced by the as- 
similation of granite by diabase. The following micrometric count (table 10) 
is of a typical Algoman granite from the same district as the hybrid or red- 
rocks. 


10 


Quartz 19.7 Sphene 
Microcline 12.7 Zircon 
Plagioclase 16.9 Apatite 
Hornblende 16.6 Clinopyroxene 
Chlorite 1.1 Leucoxene 
Magnetite 0.7 


A large area of diabase and associated granitic rocks lies to the north 
of Navilus station, east of Port Arthur, on the Canadian Pacific Railway. In 
the rocks composing this area most unusual textures have been developed, 
textures which can be used as criteria for determining the origin of rocks in 
areas lacking the extensive exposures available at this locality. Rocks which in 
the hand specimen appear to be normal diabase are found by microscopic 
investigation to contain large masses of plagioclase, large rounded quartz 
grains, and masses of fine-grained quartz. In places the included plagioclase 
exhibits a delicate, lace-like alteration around its margins, like the delicate 
fretwork found in Indian and Chinese ivory carving. The mineral comprising 
this alteration is in optical continuity with grains of clinopyroxene surround- 
ing the inclusion, and optical work suggests that it is indeed clinopyroxene. 
Twinning is still readily visible in the included plagioclase. The margins of 
the inclusion show a sharp boundary against the diabase, and no unusual 
development of minerals characterize this region. With increasing content of 
foreign material, the texture and mineralogy of the rock changes. Large cor- 
roded and deeply embayed grains of quartz are present. These inclusions are 
often surrounded by a boundary zone of chlorite, micropegmatite, and clino- 
pyroxene. The borders of many of the feldspar inclusions are quite indistinct, 
the diabase minerals penetrating considerable distances into the former 
granitic material. The more complete the assimilation has been, the more 
completely has the fretted pattern been developed on the plagioclase. In rocks 
in which assimilation appears to have been most extensive, the quartz inclu- 
sions are themselves filled with inclusions. These appear to be concentrated 
along minute fractures and crystal boundaries in the mineral. Chlorite, 
magnetite, and possibly graphite were recognized in this association. 

Although the most spectacular transformations are seen in the xenocrysts, 
the diabase also has been greatly changed. Plagioclase is almost completely 
altered to clay-like minerals. The place of clinopyroxene has been taken by 
chlorite and biotite which occur as ragged, elongated, or formless masses. 
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Small “pellets” of leucoxene are often distributed in these minerals. Titanifer- 
ous magnetite and ilmenite are often found in oblong or even in acicular 
grains which are frequently clustered around the margins of the quartz 
xenocrysts. Micropegmatite is most widespread in those rocks in which as- 
similation has been most extensive and is generally associated with the quartz 
xenocrysts. 

In a few thin sections examined a rotary extinction exhibited by radiating 
plagioclase masses suggests the presence of spherulites. Much more spectacular. 
however, is the presence of vesicles in many of these rocks. Several types are 
present. In one, large quartz and carbonate grains form the center while the 
margin is composed of chlorite, rarely amphibole. In a second type no quartz 
is present. 

Chemical analyses were made of three rocks from the district of hybrid 
rocks north of Navilus station. They are analyses 11, 12, and 13 and represent 
the granitic phase of a diabase, the gradation from that phase to diabase, and 
a diabase 3 feet from the gradational phase. In the first two, fretted plagioclase 
and embayed quartz suggest assimilation; these features are absent in the last 
rock. A variation diagram, figure 11, was plotted and shows that a regular 
variation exists from diabase to red-rock. According to Grout (1918, p. 626) 
the regular variation of the oxides suggests that differentiation rather than 
assimilation (mixing) occurred. On the other hand, Harker (1909, p. 123 ff.) 
considers a regular variation of the oxides to be due to mixing; differentia- 
tion by crystallization should give a smooth curve. However, as has been 
stated, microscopic examination indicates that there has most decidedly been 
assimilation of granitic material. 
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Fig. 11. Silica variation diagram of Logan sill diabase and associated “red-rock™ 
from the vicinity of Navilus station, Ontario. 


Diabase, granite and rocks of intermediate composition outcrop on an 
island east of Silver Harbour. Three chemical analyses, numbers 16, 17, and 
18, were made of these rocks. The first is a typical diabase, the second shows 
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relic plagioclase and quartz, and the third is free from such remains, A 
further analysis, number 14, is of a typical granite from the Lakehead region. 

A Larsen type diagram, figure 12, was plotted from the data. In general, 
the curves are close to being straight line curves. A possible exception is 
found for the alkalies, but a plot of the combined alkalies would result in a 
straight line curve. Again referring to the implication of Grout, we may make 
certain statements on the possible origin of these rocks. It will be seen from 
the chemical data that the granite, which occurs as inclusions in diabase, has 
3.08 percent more alkalies than the most alkaline of the hybrid rocks. It is 
thus probable that the red-rock east of Silver Harbour is the result of the 
assimilation of granite by diabase. 


Analysis 16 


Analysis 17 \ 


Analysis 18 


| Analysis 14 
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Fig. 12. Larsen-type variation diagram of Logan sill diabase, associated hybrid 
rocks, and typical Algoman granite. 

From the preceding discussion some salient features emerge. There is 
no doubt that some granite was assimilated by the invading diabase. A con- 
sideration of data presented in the Handbook of Physical Constants, p. 36, 
indicates that it is probable that assimilated granitic material would tend to 
rise through the fluid diabase even if the blocks of granite were so large that 
their centers remained at the pre-diabase intrusion temperature. Thus it is 
likely that blocks of granite picked up by the diabase, and blocks of con- 
taminated diabase, because of their lower densities, tended to rise through 
the still fluid magma to the upper surface of the sills. Here further reaction 
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may have taken place due to the action of escaping volatiles, and when crystal- 
lization of the magma was complete, blocks of granite surrounded by a rela- 
tively narrow reaction zone remained to mark the upper surface of the sills. 

As an inclusion of granite was heated, melting likely first took place at 
the contact of quartz and alkali feldspar, and under favorable conditions 
this melting liquified all the alkali feldspar and all the quartz except such 
grains as were too large to take part in the melting. The plagioclase, on the 
other hand, probably barely or never attained its melting temperature, and 
the principal effect on plagioclase grains was the opening up of cracks and 
cleavage due to heating, decrepitation, ete. Thus the observed absence of in- 
clusions of alkali feldspar is not surprising. In the hybrid diabases the melt 
of alkali feldspar and quartz later recrystallizes as micropegmatite. In addition. 
by staining selected specimens with cobaltinitrite following the method out- 
lined by Keith (1939), potash-rich areas were found to be associated with 
the clay-like alteration which covers most of the plagioclase xenocrysts. 

The fretwork pattern found in many plagioclase xenocrysts probably is 
a result of the penetration by diabase magma of the cracks formed in the 
plagioclase during heating. As the magma cooled the plagioclase molecules in 
it crystallized in optical continuity with the xenocrysts, and only the pyroxene 
remains to mark the site of the former crack. . 

The large twinned plagioclase xenocrysts afford good evidence that much 
of the assimilated material never became completely fluid. 


CONCLUSIONS 

Many diabase sills in the Lakehead region may be multiple. Differentia- 
tion in the sills has led to enrichment in iron, and only at the close of the 
differentiation was there an enrichment in alkalies. Much of the so-called red- 
rock commonly found near the tops of the diabase sills is the product of as- 
similation rather than differentiation. A critical examination of the evidence 
leads the writer to the conclusion that, except in a few cases, the process of 
differentiation could not have been the agent originating the large volume 
of “red-rock” found associated with the diabase of the Logan sills. 
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REVIEWS 


L’Evolution de la Lithosphére, 1. Pétrogénése; by Henri TERMIER and 
Genevieve TerMier. P. 3, 653; 14 tableaux, 40 figs., 54 pls. Paris, 1956 
(Masson & Cie., 8800 franes).—This book is the first of a series of three 
volumes; (I) Petrogenesis, (I1) Orogenesis, and (IIL) Glyptogenesis, to be 
published by the authors on the general subject of “Evolution of the Litho- 
sphere”. 

This first volume, while bearing the title of Petrogenesis, emphasizes the 
interrelationship of this subject to orogenesis. The work is not primarily a 
textbook but a broad survey of the subject suitable for reading by professional 
geologists and students in all fields of geology. The authors state that it is not 
possible to avoid the exposition of especially technical ideas but that they 
will, in so far as practicable, be reduced to a minimum. The reviewer notes 
that in accord with this principle there are no ternary graphs and only one 
phase diagram in the entire volume. 

The first part of the book discusses briefly such topics as chemistry of 
the cosmos, birth of the Earth, energy relations in the lithosphere, crystal 
chemistry and crystal growth, diffusion, rock minerals, geochemical distribu- 
tion of elements and age of the Earth. The second part takes up the great 
problems of petrogenesis: classification of eruptive rocks, theory of magmas, 
volatiles and hydrothermal fluids, volcanism, sima and volcanism, sial and 
plutonites, metamorphism and metasomatism, a very brief survey of the role 
and origin of sediments. and of basic rocks, 73 pages on the granite prob- 
lem, sialic voleanism in the zones of orogeny, convergent rocks (serpentine 
and some basic, dioritic and syenitic rocks) and aberrant rocks (alkalic rocks, 
lamprophyres, carbonatites). The emphasis is predominantly on metasomatic, 
metamorphic, and igneous rocks, their formation and differential movements, 
systematically correlated with sequences of events. 

The bibliography is extensive, international, and most up to date; many 
references as late as 1955 are included. Many of the citations are from the 
writings of U. S. geologists. There are a number of cases however where 
papers mentioned in the text require a baffling search through several bib- 
liographies. 

In a brief introduction the authors refer to a time when the extreme 
doctrinal positions of magmatism and metasomatism will disappear and a 
new edifice more in accordance with the facts will have taken their place. In 
the opinion of the reviewer, however, it seems that when the authors consider 
the plutonic rocks they wear the currently fashionable “frosted” spectacles 
through whose diffuse light the deeper portions of the crust or a geosynclinal 
prism of sediments are seen as a place of actively diffusing ions or other units 
effecting whatever kind of transformation or metasomatism is needed to form 
whatever kind of rock it is desired to explain. Discussion in the light of any 
controls based on specific physico-chemical principles or experimental quanti- 
tative data is lacking. The layered series of rocks of the Bushveld complex 
are portrayed by the authors exclusively as a proven example of a series of 
transformed and metasomatized sediments, following van Biljon. There is no 
discussion of the alternative hypothesis of layering by magmatic differentia- 
tion which has been set forth in so much detail based on thorough studies 
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by many South African geologists and correlated with physico-chemical 
principles and data. In a footnote the Termiers raise a question as to whether 
the Duluth and Sudbury complexes may not, like the Bushveld complex, also 
be of metasomatic origin. The interpretation that the chromite deposits in the 
ultrabasic rocks of Turkey and of Nijni-Tagil in the Urals are of metasomatic 
origin by mineralizers is also quoted with implied approval. Sediments they 
infer are the chief raw material from which most plutonic rocks are made. 
The various types of rock belonging to the granite family, dioritic rocks with 
fine to coarse or even doleritic texture, and anorthosite are all inferred to be 
for the most part of metasomatic origin. The authors further infer that a part 
of the charnockites may play the role of a basic front and that with some 
hesitation the great “serpentine belts” of the world may also in part be of 
metasomatic origin as a basic front ahead of granites which succeed them. 
Replacement of limestone may lead to pseudo-serpentine belts. 

Readers of a synthesis such as this must bear in mind that in many cases 
certain sets of phenomena at a given locality chosen as types to prove or 
exemplify certain principles may be open to alternative explanations. In ad- 
dition to the example of the Bushveld previously cited, the reviewer would 
add the following. The ultrabasic mass, with local chromite concentration, of 
Kabylie de Collo in Algeria has become a classic locality for reference as a 
proven case of the formation of such rock by replacement of dolomite, a 
remnant of which still remains as an “inclusion.” To some of us who saw 
this on the field trip of the 19th International Geological Congress, the in- 
ferred “dolomite inclusion” could be better interpreted as a siliceous carbonate 
“vein-rock” with a little disseminated pyrite and chalcopyrite resulting from 
hydrothermal alteration of the ultramafic mass, a type of thing quite common 
in such rocks. Again, the Mt. Fitton area in South Australia is cited as a type 
area where tillites have been transformed by granitization and feldspathiza- 
tion so as to grade into granite and gneiss, whereas a recent paper reinter- 
prets the same set of rocks as representing normal tillites and basal arkose un- 
conformably overlying an older basement. The reader also would do well to 
maintain at least suspended judgement with respect to many other quoted 
examples. The authors imply (p. 249) that ilmenite and magnetite whose 
densities are 4.5 and 5.0 do not accumulate in the eruptive rocks because of 
the particle size and the viscosity of the magma. Layered concentrations of 
ilmenite and magnetite are, however, well known in the Bushveld, Sierra 
Leone, Duluth, and Skaergaard sheets. These are perhaps ignored because 
they are inferred to be of metasomatic origin. 

Key words throughout the work are metasomatism, mobilization, and 
remobilization. Sialic magmas are relegated to a relatively minor role. Locally 
it is affirmed that under near-surface or at-surface conditions granite may pass 
into rhyolite flows, and magma is said to be involved in the intrusive phenom- 
ena of ring dikes and cauldron subsidence as in the White Mountains of New 
Hampshire, the Oslo district, Norway, and in Nigeria. One will not find in 
this work, however, a well developed exposition of the principles or potential 
role of magmatic differentiation in the origin of part of the plutonic rocks. 
They will find an excellent presentation of the kind of ideas which are in 
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current favor among many, perhaps most, geologists in Europe and to a lesser 
extent in the United States. The new concepts of petrogenesis and of orogeny 
are systematically worked together to yield broad generalizations. 

Aside from the reservations noted, this book affords a comprehensive 
survey and synthesis of petrogenesis of fascinating interest well organized and 
written in such pleasant style that all geologists, no matter what their field of 
specialization, should receive stimulation and profit from reading it. 

A, F. BUDDINGTON 
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